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Abstract
This dissertation deals with theoretical and experimental studies on an argon-fed
multichannel hollow cathode. In particular, it investigates the physical processes
which take place inside the hollow cavity. These include the cathode voltage drop,
the surface temperature and the plasma penetration depth. An insight into the
ignition mechanisms is outlined as well. Moreover, the erosion process is studied
by measuring the erosion rate of the cathode walls after continuous operations
at fixed mass flow rate and discharge current. Thus, this research is divided into
two main activities: the experimental campaign and the theoretical study.
For the experimental study, a multichannel hollow cathode with a main tube
inner diameter of 10 mm and 36 rods was designed. It was tested at discharge cur-
rents in the range 20÷160 A and at mass flow rates between 1 and 5 mg/s. It was
propelled with argon gas. In order to identify the nominal operative points, the
cathode underwent a characterization test which was followed by an endurance
test at continuous operations for 100 hours. This test aimed at understanding
the erosion mechanism of the cathode. Then, a second characterization test was
performed, which permitted to assess the effect of the erosion on the cathode
performance. The cathode surface temperature was measured at different val-
ues of discharge current and mass flow rate. The measurements were gathered
by using an optical pyrometer that was mounted outside the vacuum chamber.
Temperature profiles with respect to the cathode axis are presented. It was found
that the surface temperature of the multichannel hollow cathode is different from
that in the single channel hollow cathode, since the maximum value is placed at
the cathode exit cross section for all operative conditions. The ignition process
of the cathode was investigated. The cathode was capable to sustain a discharge
current of 20 A with a few channels ignited. In addition, it was noted that a
specific discharge current value exists to ignite all channels. This value is con-
sidered as the transition point between the multi-step ionization process and the
single-step ionization process. However, since a plasma diagnostic system was not
available during the experimental campaign, this hypothesis cannot be proved in
this study.
In addition, an insight into the design and manufacture of the multichannel
hollow cathode is given. The design procedure is outlined, as well as the method
for scaling-down the cathode dimensions. The assembly process is described with
a focus on the technical issues that were solved.
The second part of this research deals with two theoretical models which
were developed and validated with the experimental data. The first model is
the product of a joint research programme between the RIAME-MAI and Alta.
It can be adapted to multichannel hollow cathodes with an indefinite number
of channels. Cathode operative parameters such as the cathode voltage drop
and the surface temperature are calculated. In addition, the model is capable
to predict the main plasma parameters: the electron and ion temperatures, the
particles number density and the plasma potential. The results are provided as
functions of the cathode axial coordinate. Furthermore, the erosion rate of the
cathode is computed for each cross section, thus providing the effective channel
erosion along its length.
The second numerical model was developed during the experimental campaign
and represents a valid basis for future improvements. It is a mono-dimensional
code, therefore the multichannel hollow configuration is studied by adapting the
plasma penetration length in case of many channels to a single channel hollow
configuration. The model is capable to predict the discharge voltage and the
surface temperature as functions of the cathode axis. However, it requires the
discharge current profile as an input. Moreover, it calculates the electron tem-
perature and the particles number density for each cathode cross sections.
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Chapter 1
Introduction
Today, the adoption of high-power electric propulsion systems in space is limited
by the lack of in-space power, although these systems are considered as the most
promising options for heavy-payload orbit raising and for deep space missions.1
The low power range (1÷10 kW ) is populated by ion and hall effect thrusters,
that are flight proven or in qualification. Thrusters with power up to 2 kW
are boarded mainly on telecommunication satellites, used for station keeping
manoeuvres, despite some of them have been used for deep space missions. HET
with power up to 10 kW are mainly intended for deep space operations or for
orbit transfer manoeuvres. Above 10÷20 kW, these technologies are not reliable,
since the low market demand have generated a limited number of investigations
toward long stable operations.
In the high power range (50 kW÷1 MW ), magneto-plasma-dynamic thrusters
are effective candidates, even though several aspects of their design and operation
must be improved to guarantee higher thrust efficiency and reliability. Plasma
instabilities which characterize this type of thruster still have not been fully under-
stood. Many scientists continue to conduct research in this direction. Moreover,
these thrusters have been tested mainly in pulsed mode and in few experimental
campaigns in continuous operations, with a very low lifetime with respect to real
mission demands.
It is clear that as soon as the electric power is raised up above 20 kW, sev-
eral issues have to be investigated and solved: not only on the primary side of
the thruster scaling and plasma behaviour, but also on the thermal and erosion
aspects, in order to guarantee stable, continuous operations at given thrust levels
for the necessary lifetime.
When talking about ion, hall effect and magneto-plasma-dynamic thrusters,
it can be stated that the cathode represents the life-limiting component, being
used as main discharge cathode or in neutralizer devices. It is the electron source
in the plasma generation process, subjected to high temperature and fast erosion
1References to thruster studies and flight mission programs reported in this chapter are given
in Chapter 2.
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of material. Cathodes coupled with thrusters of a power class up to 10 kW
are capable to withstand discharge currents up to 10 A without degrading their
performance and lifetime. These are orificed hollow cathodes, i.e. single channel
hollow cathodes equipped with an internal insert composed of materials with a
low work function. The insert is capable to decrease the temperature necessary for
thermionic emission and therefore to reduce evaporation of material and erosion.
Recently, some studies investigated these kind of cathodes at higher power,
up to 3÷4 kW discharge power and 100 A. Although the cathodes did not un-
dergo real lifetime testing, the results are encouraging and have induced further
research. When tested at high power, the main issue of orificed hollow cathodes
with low work function material insert regards the high temperature involved.
This causes a fast depletion of the insert material that strongly limits the cath-
ode lifetime.
At current levels typical of 50÷100 kW -class steady-state thrusters (103÷104A),
the SCHC is not capable to sustain long time operations. To support high cur-
rent levels and to guarantee a reasonable lifetime, a SCHC needs a very large
channel diameter and an excessive mass flow rate. This could result in difficulties
during ignition and in a decrease in the specific impulse of the thruster. The
multichannel hollow cathode represents an effective alternative to SCHC, since it
is able to sustain high current discharges with a limited mass flow rate, as well
as to reduce both operating temperature and discharge voltage.
1.1 The Rise of Electric Propulsion
At the beginning of 2012, in the frame of a joint venture between Asia Broadcast
Satellite (ABS of Bermuda and Hong Kong) and Satmex of Mexico, Boeing an-
nounced the development of four full electric propulsion satellites. At the same
time, Space Systems/Loral (SSL) declared that a similar project has been stud-
ied for a few years, as the use of electric propulsion for GTO to GEO transfer
decreases the launch mass of the spacecraft roughly by a factor of two.
Therefore, after having been contemplated since the 2000s, the selection
of cheap, small launchers has become a real alternative. Nevertheless, in the
telecommunication sector the weakness of this solution cannot be neglected: the
low thrust of electric propulsion subsystems calls for a very long transfer time,
typically from 100 to 300 days, depending on the thruster type and the satellite
mass. During this time, the satellite has to face thermal control issues and the
multiple crossing of Van Allen radiation belts.
In this perspective, the industry is moving to meet a new customer demand
in the today’s market. The SMART-1 mission showed the ability to perform long
transfers using electric propulsion: the spacecraft went from GTO to the moon
with the solely use of the Snecma PPS-1350. Today, this achievement represents,
together with ARTEMIS spacecraft, the only European orbit raising manoeuvre
performed by using electric propulsion. These two missions have paved the way
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for the technical feasibility and offered a proof to the market, highlighting the
existence of a choice between hall-effect and ion thrusters. Indeed, the qualifica-
tion of Snecma PPS-1350, or the on-going qualification of QinetiQ T6 for Bepi
Colombo mission, declare the availability of European thrusters capable to ful-
fill the requirements for such a transfer. Moreover, the robustness and extreme
endurance showed in Hayabusa, Deep Space 1, Dawn and GOCE missions in-
creased the consideration for ion thrusters, while the Advanced Extremely High
Frequency mission with BPT-4000, Snecma exploratory work on PPS-5000 and
SPT-140 qualification lead to consider the attractive power to thrust ratio of the
Hall effect thrusters class.
Generally speaking, the choice of the propulsion subsystem is mission-specific,
for telecommunication satellites or for scientific observations and deep space mis-
sions. Although there are many options available to the mission designers, the
propulsion technology can be divided into two categories: the high thrust-low
efficiency chemical systems and the low thrust-high efficiency electric systems.
So far, the most common spacecraft design is based on the use of the chemical
systems. Usually, the fuel and the oxidizer are mixed together and combusted at
high temperature and pressure. When they expand in the nozzle, the necessary
thrust is produced. The most common thrusters used for telecommunication
satellites are the so-called liquid apogee engine and the reaction control thrusters.
In a medium class spacecraft, the first is capable to deliver 400 N of thrust to
perform the orbit transfer, while the second are used to control the satellite
attitude during this manoeuvre, delivering around 5 N of thrust. But the low
specific impulse forces to store on board a huge amount of propellant mass. This
depends on the energy transformation process: energy is stored in the chemical
bonds of the propellant and released through the combustion process, then it is
converted to kinetic energy.
Electric propulsion systems use the energy produced by external power sources
(batteries or solar arrays), before being transferred to the propellant. Therefore,
at a first approximation, the energy available to the propellant is limited by the
power source. Based on the way the energy is transferred to the propellant,
electric propulsion systems are divided in electrothermal, electrostatic, electro-
magnetic.
The clear advantage of electric propulsion systems over chemical ones is the
higher propellant efficiency, which means that less propellant is needed to achieve
the same ∆v. The specific impulse is a measure of the propellant efficiency of
a propulsion subsystem. It represents the thrust (T ) produced by an amount of
propellant mass in the unit time (m˙g0):
Isp =
T
m˙g0
=
ue
g0
(1.1)
with ue the propellant exhaust velocity. The ratio of wet to dry mass can be
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found from the rocket equation, derived from Tsiolkovsky:
mwet
mdry
= exp
∆v
Ispg0
− 1 (1.2)
where mwet is the propellant mass, mdry is the spacecraft mass (platform and
payload mass), ∆v is the characteristic velocity change to fulfill a given mission.
It can be noted that small propellant fractions can be obtained only if the specific
impulse, or the exhaust velocity, are a few times greater than the required velocity
change for the given mission.
The Tsiolkovsky equation is computed in Fig. 1.2. The propellant mass is
reported as a function of the ∆v for a given mission (GEO satellites require
around 1 km/s of ∆v for station keeping manoeuvres during a mission of 15
years). The curves are parametrized with respect to the spacecraft dry mass: the
dotted ones are calculated with Isp=1500 s, while the solid lines with Isp=2300
s.
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Figure 1.1: Propellant budget for different ∆v and spacecraft mass: dotted line
Isp=1500 s, solid line Isp=2300 s
Comparing chemical to electric systems, it becomes clear that electric devices
are capable to reduce the propellant mass of an order of magnitude (and even
more), which translates to tens to thousands kilograms of mass. This mass saving
enables larger payloads to be boarded on the spacecraft, or reduces the overall
spacecraft mass allowing for a cheaper or a dual launch.
Although the devices that today are capable to achieve these advantages are
ion and hall effect thrusters, MCHCs have been developed to face MPD thrusters
issues. Only recently they have been considered for high power HETs. Therefore,
a brief description of the operations of these thruster concepts follows.
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1.2 MPDT and HET Operations
1.2.1 MPDT
Magneto-plasma-dynamic thrusters belong to the electromagnetic category, though
gasdynamic forces are also generated and contribute to the total thrust. These
devices ionize the propellant to produce plasma: the thrust is generated by the
interaction of electromagnetic fields and charged particles.
MPD thrusters are divided in two categories, depending on whether the mag-
netic field is self-produced or applied from an external magnetic circuit. A
schematic diagram of a self-field MPD thruster is shown in Fig. 1.2.
A typical self-field MPD thruster consists of a central cathode placed inside
a cylindrical co-axial anode. The neutral propellant is fed into the discharge
channel between the electrodes. At the thruster ignition, high voltage is applied
between the electrodes and when the propellant is introduced in the channel, the
initial breakdown of the gas produces plasma. At this point, high current flows
between the electrodes at a low potential difference.
During the ignition, when high voltage is applied, the cathode operates in
cold regime: the current flowing through the gas is very low and caused by en-
hanced field emission. After the initial breakdown, high current is driven through
the plasma, although the cathode is still too cold to sustain the discharge via
thermionic emission. During this phase, the current is generated by small cath-
ode spots on the cathode surface. These spots are very small and non stationary.
They are highly instable regions of intense heat, electric field and pressure, that
provide electrons via both field emission and local thermionic emission. There-
fore, the initial transient of the discharge is the most destructive phase of cathode
operation, since the spots release explosively cathode material and electrons.
Figure 1.2: Self-field MPD thruster schematic diagram
When the hot spots raise the cathode temperature to the level needed for
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thermionic emission over a wider cathode surface, this non-stationary mode ends.
The steady-state operation is characterized by thermionic emission: the current
flows between the electrodes causing ionization of the propellant by collisions
of emitted electrons with neutrals. This current creates an azimuthal magnetic
field, which interacts with the charged particles motion, thus producing a force
according to the Lorentz force equation:
FLorentz = q(u×B) (1.3)
in absence of electric field, with u and B particle velocity and magnetic field.
According to Fig. 1.2, the electric field can be solved in a parallel and an
orthogonal component to the thruster axis. The application of the right hand
rule shows that the resultant force acts to accelerate the plasma both axially
outward (blowing force) and radially inward (pumping force), with a total thrust
proportional to the squared discharge current.
Figure 1.3: Applied-field MPD thruster schematic diagram
The concept of the applied field MPD thruster is depicted in Fig. 1.3. In this
configuration, the electrodes are surrounded by an external solenoid, which is
co-axial to the cathode. The magnetic field produced interacts with the particle
motions, further accelerating the plasma.
Typically, external solenoids are used in low power devices (up to 500 kW ):
the magnetic field produced is higher in magnitude with respect to the magnetic
field induced by the main discharge.
1.2.2 HET
Hall effect thrusters are devices that ionize the propellant and then accelerate
ions by the combined effect of crossed electric and magnetic fields. The schematic
configuration of a HET is given in Fig. 1.4.
The neutral gas enters the acceleration chamber from the anode, while elec-
trons come from the cathode placed outside the thruster. These two flows cross
each other inside the ceramic channel in which the neutral gas is ionized by the
incoming electrons. Afterwards, the resulting plasma is accelerated by the applied
electric field. Therefore, the ion acceleration mechanism is basically electrostatic.
In HETs the operation of the cathode is different from that in MPD thrusters.
Indeed, the cathode is used to neutralize the plasma plume, to maintain the charge
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balance on the spacecraft, and not as a main discharge cathode. The typical
design of the neutralizer foresees the use of a resistive heater that surrounds the
cathode and is used during the ignition phase. The cathode is pre-heated before
the ignition. Thus the thermionic regime is established by the use of the heater
which prevents any cold cathode operation and damaging effects.
Figure 1.4: HET schematic diagram
The magnetic field decelerates the electrons flowing toward the anode and
confines them as much as possible in the accelerator chamber. Due to the strong
radial magnetic field in the terminal part of the channel, electrons move az-
imuthally in the channel, instead of going straight to the anode. Consequently,
the electron kinetic energy produced by the axial velocity is converted into kinetic
energy linked to the azimuthal drift. The electron motion toward the anode is
caused by collisions of the electrons with other particles or with chamber walls,
assuming the plasma slightly collision. As a result, the electrons diffuse through
magnetic field lines and slowly move toward the anode.
The effect of the applied magnetic field is twofold. First, it improves the
ionization process since the electrons are trapped in the channel and ionize the
neutral gas. Second, it generates a region with a high resistance to the electrons’
axial motion: the consequence is that the applied voltage has a steep drop in this
region, thus enhancing the intensity of the axial electric field which is responsible
for ion acceleration.
1.3 Background of This Research
The study presented in this dissertation is placed in a wider research context
carried out at Alta since 2000. Experimental and theoretical activities on single
channel and multichannel hollow cathodes have started in conjunction with stud-
ies on MPD thrusters, performed in the frame of ESA programmes and collabora-
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tions with research institutes such as the Russian RIAME-MAI or the Consorzio
RFX of Padova.
The theoretical activities started in 2000; the first numerical model for SCHC
was presented in 2002. This model was improved and adapted to MCHC in 2005.
Due to the large number of experimental activities performed, Alta was already
capable to build an internal database on MPD and cathodes operational parame-
ters, whose data were used in the development of the theoretical researches. The
MCHC model developed, described in Chapter 2, has partially derived from the
Russian collaboration. The results obtained were encouraging, although the need
for several further improvements was recognized. In the following development,
it became clear that major modifications to the physical approach and to the
numerical implementation were needed. In addition, no investigation of the cath-
ode erosion was performed, thus the model was not implemented to predict the
erosion rate. This, combined to the lack of experimental data on continuous cath-
ode operation, led to suspend the investigations and to continue the collaboration
with the RIAME-MAI on the development of a new numerical model.
The work described in this thesis is part of this collaboration. Recently,
a new MPD thruster has been developed and tested at Alta, equipped with
a MCHC bigger in dimensions than the MCHC tested in this study. Due to
the high mass flow rate and current needed for nominal operation, it was not
possible to test it in a continuous mode, thus the erosion process could not be
evaluated. Therefore, it was decided to investigate a smaller cathode, with the
aim to correlate the experimental results to the bigger MCHC. Hence, the MCHC
object of this research has been designed to work at the same operative point of
the bigger cathode, according to the approach from Delcroix.[1] This procedure
is described in Chapter 7.
Regarding the experimental works, the activities performed at that time suf-
fered the lack of experiments with continuous operations of thrusters and cath-
odes, being these mainly conducted in pulsed modes. Indeed, the high powers and
mass flow rate values required by these devices were not compatible with contin-
uous operations in the facilities available at Alta. In addition, the data gathered
on MCHCs were derived from MPD thrusters operations in pulsed mode, since
there was no testing of the cathodes in diode or triode configuration: this means
that no reliable data were available and the electrical parameters recorded were
affected by the thruster behaviour itself (thruster geometry and plasma instabil-
ities). Therefore, the experimental campaign described in this thesis has been
designed with the aim to gather specific data for solely MCHC operations in
continuous mode with a focus on the cathode erosion.
1.4 Goal of This Research
The purpose of this study is to investigate a high current MCHC when operating
in continuous mode and to assess the effect of the erosion on the cathode per-
formance . The goal of this research can be divided in two main objectives: the
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first regards the theoretical work and the second is linked to the experimental
campaign.
The theoretical work has been concentrated on the collaboration with the
RIAME-MAI activities. Its aim was to complete the development of the nu-
merical model and to validate it via the data gathered during the experiments.
Several requirements had to be fulfilled by the model. First, the model had to
predict the plasma and cathode potential, surface temperature, particles density,
electron temperature as functions of the cathode axis and of the main inputs to
the model. These are the discharge current, the gas properties and mass flow
rate, the cathode material and geometry. Second, it was suggested to be able
to simulate cathode geometry with n number of channels. Third, the model had
to predict the erosion rate of the cathode internal surface as a function of the
cathode axis.
In addition, a simplified numerical model have been developed, to gather pre-
dictions during the experimental activities and provide ”real time” understanding
of the physical processes involved. The simplified model has been thought to
be able to predict the main cathode and plasma parameters as functions of the
cathode axis and the main inputs, as discussed for the RIAME-MAI numerical
model. The simplified model had also to calculate the overall erosion rate. This
model represents the base for future enhancements of Alta to develop a detailed
MCHC numerical model.
The experiments have been planned and designed to characterize the physical
processes of the MCHC; the data gathered have been used to validate the numer-
ical models. An additional goal of the experiments was to investigate the erosion
process and the effects on the cathode performance. Therefore, the set-up lay-
out has been designed to sustain continuous operation of the cathode, including
the capability to perform a life time test of 100 hours. The diagnostic system
has been designed to measure the cathode’s electrical parameters and the surface
temperature, but a plasma diagnostic system was not implemented.
1.5 Research Structure
The thesis is organized in a way that allows the reader to follow the research
development, from what was known before the start of the research (i.e. the lit-
erature information) to the design activities and the experiments. In Chapter 2 a
literature survey is presented, while in Chapter 3 the working principles of SCHC
and MCHC are described. Chapter 4 is dedicated to the test set-up design. Chap-
ter 5 reports the experimental results and the main discussions of the cathode
performance. Both numerical models are detailed in Chapter 6; the results of
the experimental campaign are compared to the numerical calculations. Chap-
ter 7 presents the design procedure adopted in the development of the MCHC
for the MPD thruster. The method to scale down the cathode is also described.
Finally, Chapter 8 deals with the main conclusions and goals achieved, and gives
suggestions for future research on the MCHC and SCHC.
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Chapter 2
History of Arc Hollow Cathode Research
Theoretical and experimental researches on arc hollow cathodes are reviewed in
this chapter. Thereby, it focuses not only on multichannel hollow cathodes, but
also on single channel and orificed hollow cathodes. Moreover, recent achieve-
ments of orificed hollow cathodes which are suitable for flight missions, or already
in operation, is presented.
As described in Chapter 3, these three cathode configurations operate in a
similar way: they extract the electron current from the cathode material via
thermionic emission. Then, the plasma generated inside the hollow cavity is
driven outside under the effect of the electric field. Therefore, the study of the
physical processes inside the orificed and hollow cathodes provides information
about the multichannel hollow cathode.
2.1 Single Channel and Multichannel Hollow Cathodes
Since the main purpose of this dissertation is to determine the dependence of
cathode surface temperature and voltage on the discharge current and mass flow
rate, this review mainly focuses on these aspects with particular attention to
experimental works. So far, only little research investigations on multichannel
hollow cathodes, that consider both experimental and theoretical studies, are
reported in the literature.
The review encompasses only hollow cathodes which operate in thermionic
regime, despite the fact that these devices are also associated to glow and pulsed
discharges, where the secondary electron emission is dominant. When possible,
the review follows a diachronic path, grouping the findings of major research
teams, institutions or companies.
2.1.1 Russian Activities
During the ’60s and 70’s, Russian research institutes have carried out experimen-
tal campaigns and theoretical analyses, that allowed them to enter the ’80s with
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a huge experience on several kinds of thrusters. Although these activities have
been drastically reduced since the ’90s, some research institutes and companies
are still conducting remarkable studies and developments. Unfortunately, many
publications are not available in Europe or in English language. Most of the re-
search studies published in Russia before the 90’s is only available in the USA and
cannot be consulted by non-USA citizens. Therefore, in this literature review,
some studies are quoted indirectly through more recent American works.
Typically, investigations on high current MCHCs and SCHCs were carried out
in conjunction with MPD thrusters research activities,[2] while low current orificed
hollow cathode studies can be associated to the SPT-100 development. High
current SCHCs and MCHCs were tested with different propellants and additives,
e.g. lithium, potassium, barium or cesium, in order to lower the surface material
work function and thus improve the cathode lifetime.
From 1962 to the end of 1971, the development of the SPT-100 was car-
ried out, involving several Russian research institutes. The first flight test was
performed at the beginning of 1972 on board of the Meteor satellite.[3] The Ex-
perimental Design Bureau Fakel collaborated with the Kharkiv Aviation Institute
for the cathode development for several years. The result of this joint effort was
the LaB6 orificed hollow cathode, externally heated. Improved by minor design
modifications, today it is still used in flight with the SPT-100. In the ’90s, EDB
Fakel completed the qualification campaign of the SPT-100 cathode, performing
7991 ignition cycles for a total of 8337 hours of lifetime.
In 1965, EDB Fakel was the only company in Russia which had operated a
SF-MPD thruster continuously for 1 hour at a discharge current of 7 kA. The
studies on the lithium feeding system were conducted in collaboration with the
Keldysh Research Center. In this period, lithium-fed MCHCs were developed,
although information about these studies have not been published in Europe.
Cathodes development in KeRC was carried out in the frame of research
activities on MPD thrusters. From 1969 to 1976 several MPD thrusters were
developed, fed with lithium or potassium propellants and designed to operate at
discharge powers up to 1 MW. These thrusters were equipped with multichannel
and single channel hollow cathodes, capable to operate up to 10 kA of discharge
current. Lithium propellant was fed in vapor phase towards the cathode, showing
improvement of the electrode erosion. In 1993, a lithium-fed MPD thruster was
manufactured: it was equipped with a multichannel hollow cathode capable to
operate up to 1.1 kA, designed to sustain a discharge power of 30 kW. As far as
we know, this thruster was tested in pulsed mode only.
In 1969, RSC Energia was the first institute in Russia to carry out a 500-hours
endurance test on a 0.5 MW MPD thruster. The lithium-fed MPD thruster
was equipped with a multichannel hollow cathode with a barium-based insert.
Although the cathode was operated only for 500 hours, the barium insert proved
to be effective in limiting the electrode erosion.
In the first half of the ’70s, Babkin conducted experiments to measure the
plasma parameters of a lithium-fed MCHC.[4] The cathode had an inner diam-
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eter of 12 mm, filled with 19 tungsten rods, 25 mm in length. It was fed with
10 mg/s of lithium vapor, the discharge current ranged from 50 to 500 A. The
measured total voltage was between 10 and 15 V. The plasma parameters were
measured at 2 mm from the exit cross section. The electron and neutral temper-
atures are constant varying the discharge current at values of 5500 K and 3000
K respectively. The electron and neutral densities have been found increasing
functions of the discharge current. The measured cathode surface temperature
is around 2700-2800 K. Moreover, the effect of oxygen on the erosion rate and
cathode performance was investigated.[5] A test campaign demonstrated that the
exposition to oxygen caused an appreciable increase (25-30%) of the discharge
voltage at the ignition. Several tests were performed at 800 A of discharge cur-
rent (measured voltage was around 22÷24 V ) introducing in the feeding system
controlled amounts of oxygen. As a result, the erosion due to oxygen contami-
nation is predominant over evaporation when oxygen is introduced: the oxygen
injection of 2% over the lithium mass flow rate causes 70% of increase in mass
erosion. In Babkin’s works, no numerical model can be found, neither about the
plasma parameter inside the cathode, nor about the cathode erosion.
In the second half of the ’70s, Ogarkov[6] conducted experiments on a lithium-
fed MCHC, 26 mm inner diameter, filled with tungsten rods. It was tested with
lithium propellant, at a mass flow rate of 50 mg/s, ranging the discharge current
between 900 and 2600 A. Ogarkov presented an analytical model to predict the
maximum possible current in a MCHC. Although it does not model the plasma
inside the channel, it includes a power balance at the cathode surface with ther-
mal radiation, dissipation and conduction, tungsten evaporation, heat conduction
from the plasma, thermionic electron emission, kinetic and potential energy bal-
ance for ion impact to the surface. The power balance at the cathode surface
has been used in the numerical model developed a few years ago by Cassady,[7]
improved with some modifications.
In the same period, Dyuzhev[8] investigated MCHC fed with cesium and other
alkali metals. There was no gas flow through the cathode cavity, but a back-
ground filler composed of argon and cesium was used. Several cathodes were
tested up to 3 kA, the surface temperature profiles were reported as functions
of the cathode rods diameters and material work function. The temperature
increases enlarging the rods diameters and is dependent on the current discharge
density. Information about studies on a numerical model have not been found in
the literature.
The Moscow Aviation Institute was involved in research activities on lithium-
fed AF-MPD thrusters since 1965. The discharge power of these thrusters ranged
up to 200 kW. Lithium and barium additives were used as propellants in order to
increase the thruster efficiency and the cathode lifetime. In the 90s a new concept
MPD thruster was developed in collaboration with Alta, tested with single chan-
nel and multichannel hollow cathodes.[9] At the same time, MAI conducted an
extensive experimental campaign of the Li-LFA equipped with a MCHC, equipped
with several cathode designs.[10] The research study was the result of a collabora-
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tion with Princeton University and NASA-JPL. Six cathodes were tested assem-
bled in three different thrusters (30 kW, 150 kW, 200 kW -classes). The highest
power class thruster was equipped with a conical rod cathode. When operating
at a power of 21 kW, lithium mass flow rate of 10 mg/s and applied field of 0.24
T, this thruster achieved the highest thrust efficiency and specific impulse ever
reported in the literature (69% efficiency and 5500 s of Isp). Nominally, lithium
propellant was used, but the combination with barium was investigated, noting
that the cathode temperature, and therefore the erosion, significantly decreased
when barium was fed.
The Vaulin[11] one-dimensional model of SCHC is dated 1993. It is based
on differential equations to account for heat conduction along the cathode wall,
plasma electron power balance, ion and neutral particle balance. The plasma is
modelled considering resistive heating, power delivered by electrons accelerated
through the sheaths, losses for ionization. The ionization rate is assumed to be
equal to the ions recombination rate at the cathode wall. The heat conduction
equation includes resistive heating, electron emission cooling, ion bombardment,
conduction to neutral gas and thermal radiation. The cathode material and di-
mensions, propellant type and mass flow rate, discharge current and temperature
at cathode base and tip are needed as inputs. Plasma potential, cathode tem-
perature profile, gas pressure, ionization fraction and electron temperature are
calculated as functions of the cathode length. The results have been found in
good agreement with experimental data, but strongly depending on the bound-
ary conditions. Moreover, the prediction of the plasma potential increases moving
towards the upstream direction, which is not physically possible. Recently, this
model has been improved and adapted to MCHC,[12] including the calculation of
the cathode wall erosion.[13] The model is discussed in Chapter 6, the results are
reported and compared with the experimental data gathered in the course of this
study.
2.1.2 Laboratoire de Physique des Plasmas, Universite´ de Paris-Sud
Delcroix is considered to be the inventor of the MCHC. The first device was
manufactured during experiments on single channel hollow cathodes, by trying
to raise the discharge current level without damaging the cathode. Also, the term
multichannel was used for the first time by this research group. Moreover, for
the first time, the notion of active zone was introduced and associated to the hot
spot, location of temperature peak, where the ionization process takes place. The
main findings were included in the publication of 1974.[1]
The work of the Delcroix team is based on a wide number of experimental
data, the analysis of which allowed to describe the operational regime of arc
hollow cathodes, thus marking the border conditions of failure events. It was
found that the optimal operation (so called normal regime) is achieved when an
extensive active zone is established inside the cathode channel, which allows the
arc to conduct the maximum current at the lower voltage. This condition is
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reached when the gas pressure at the exit cross section reaches a certain value.
The pressure inside the channel was modeled according to the Poiseuille law,
corrected for transitional flow. In normal regime, it was calculated at the exit
cross section around 3 torr.
The experimental data were gathered mainly from tests on tantalum SCHCs of
9 and 3 mm in outer diameters, which operated at a discharge current up to 80 A,
at a mass flow rate up to 9 mg/s. The majority of experiments (and therefore the
available data) and the theoretical analyses developed regard the SCHC. The work
on the MCHC was more limited, nevertheless it deeply describes the main physical
processes involved during operation and the operational mode. In particular,
it focuses on the progressive channels ignition and the thermal implications of
the multi-channel configuration. Indeed, the Delcroix team noted that when
operating at low discharge current or mass flow rate, not all the channels are
ignited and the propellant mainly flows through non-active channels.
The data of surface temperature and plasma penetration depth were presented
as functions of the mass flow rate and cathode diameter at a constant discharge
current. The penetration depth increases with mass flow rate reduction and if
the channel diameter is widened. The temperature was found to increase with
the channel diameter reduction.
The discharge voltage was related to the voltage fall at the cathode sheath; it
was observed that reducing the discharge voltage, the plasma penetration inside
the hollow cathode decreased. The active zone voltage was found to be indepen-
dent of the mass flow rate. Moreover, some tests were performed with a radiation
shield, which caused a reduction of the discharge voltage. This result has recently
been confirmed by Kaufman.[14]
In addition, the comparison of the data of MCHC and SCHC showed that
temperature and voltage of MCHC are lower than in SCHC when operating at
same conditions.
The Delcroix team also developed a one-dimensional numerical model for
SCHC: it requires the cathode temperature profile as a function of the cathode
axis as input, as well as the voltage at cathode tip and the discharge current and
mass flow rate. No quantitative comparison between the experimental data and
numerical calculation has been performed to validate the numerical model.
However, no detailed theoretical/numerical model was elaborated for the
MCHC. In fact, only a description of the basic equations and principal terms
to model the plasma inside the hollow cavity was provided.[15]
2.1.3 Centrospazio/Alta S.p.A.
Electric propulsion activities at Centrospazio/Alta S.p.A. date back to 1970, when
the first theoretical MPD thruster study was carried out within the University
of Pisa.[16] In 1980, the first experimental activities started on Teflon-fed MPD
thrusters, followed by the study of the FEEP thruster. In 1987, in cooperation
with the University of Pisa, the space technology laboratory Centrospazio was
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moved to Consorzio Pisa Ricerche, where it was expanded and equipped with
three vacuum chambers. In the first half of the ’90s, several research and devel-
opment activities with ESA and ASI were carried out on MPD, Hall effect and
FEEP thrusters.
Alta S.p.A. was founded in 1991. Today, it is the most active company in
the development and testing of FEEP, Hall effect and MPD thrusters among the
Italian companies working in the space field. Research activities on SCHC and
MCHC are mainly linked to MPD thruster studies, some of them conducted in
collaboration with the RIAME-MAI.
In 2002, a numerical model for SCHC was developed by Rossetti.[17] It is
based on differential equations to model the cathode thermal balance, the plasma
energy balance, the current balance and the pressure of the gas flow inside the
cathode channel. The models of heat conduction, plasma electron power balance
and gas flow are very similar to the ones from Vaulin.[11] The ionization pro-
cess is modeled as perfectly efficient, considering collisions of primary electrons
emitted by the surface and neglecting excited states of neutrals. It is assumed
that every electron emitted by the surface collides with an atom and creates
an ion. This model introduced for the first time the modeling of thermionically-
emitted electron losses: electrons emitted from the surface are considered capable
to escape the cathode channel without colliding with neutrals if the mean free
path is greater than the distance from the cathode tip. The model requires the
cathode voltage drop as an input, as well as the cathode material and geome-
try, the gas type and mass flow rate. Moreover, in the solution algorithm, the
cathode length at which the voltage equals the ionization potential needs to be
found; from that point voltage, thermionic current and electron density are set to
zero till the cathode base. The cathode surface temperature profile, the electron
temperature, plasma potential, gas pressure, ionization fraction and current are
calculated as functions of the cathode length. The numerical results are in good
agreement with the experimental data, but the model does not predict accurately
the electron current and density. Furthermore, the erosion rate is not predicted.
In 2005, the model was improved and adapted to MCHCs.[18] The ionization
model is enhanced to a single step-ionization process with a Maxwellian distribu-
tion of plasma electron temperature. This improvement avoids to overestimate
the plasma potential and underestimate the current obtained by a set of oper-
ating conditions. As a consequence, the solving algorithm has been modified:
instead of the plasma potential at the outlet, the current is needed as input and
the boundary condition of zero voltage is set at the cathode inlet. The SCHC
model was adapted to the MCHC geometry. A MCHC formed by seven equal
cylindrical tubes regularly disposed in a main tube is considered. The model al-
lows to vary the diameter and thickness of the internal tubes, while the external
tube diameter is calculated as consequence. Plasma parameters and gas-dynamic
quantities along the tubes are obtained by the SCHC model. The mass flow rate
distribution of the gas inside the tubes is computed as dependent on the tube
temperature. Ion and neutral temperatures depends on the temperature in each
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tube and the heat conduction between the tubes is also considered. Few numer-
ical calculations have been performed and the lack of reliable experimental data
has prevented a validation of the model. However, major modifications to the
physical approach and to the numerical implementation have been recognized for
a further development.
As explained in Chapter 1, this doctoral work is inserted in an Alta research
activity. The main purpose of the study is to experimentally investigate a high
current MCHC when operating in continuous mode, thus focusing on the erosion
effects on the cathode performance. A numerical model that has been developed
in collaboration with the RIAME-MAI is detailed in Chapter 6, as well as a sim-
plified numerical model elaborated during the testing activities. The numerical
results are compared to the experimental data, which are discussed in Chapter 5.
2.1.4 Electric Propulsion and Plasma Dynamics Laboratory - Prince-
ton University
Research on electric propulsion at Princeton University started in the second half
of the ’70s. In these years the collaborations with Russian research institutes
started on the development of LiLFA MPD thrusters. In the ’90s, several studies
were conducted on the effect of alkali metals on cathode erosion and lifetime
when operating in LiLFA MPD thrusters. Barium oxide and lithium dispenser
cathodes were studied, with porous inserts that allowed the metal to reach the
cathode surface. An increase in cathode lifetime was observed when barium oxide
was deposited on the cathode internal surface.
In 2001, Kennedy[19] elaborated a numerical model of SCHC which is only
based on the electron power balance in the plasma along the cathode length. In
this model, the pressure variation in the channel is neglected, while the electric
field is assumed to be constant along the cathode length. The electron temper-
ature at the cathode tip is required as boundary condition. The plasma-surface
interaction is not modelled, and no ionization model is implemented.
A few years later, in 2006, this model was abandoned during the research of
Cassady.[7] Cassady conducted an experimental campaign on lithium-fed hollow
cathodes, four SCHCs and one MCHC, that was strongly influenced by research
activities conducted by RIAME-MAI before. Although the study regroups a huge
number of experimental data, only a qualitatively analysis of the MCHC results
is performed, since the cathode was not operated in optimal mode. Indeed, it
lacked the significant plasma penetration. Nevertheless, the dependence of tem-
perature, plasma penetration depth and voltage drop on current and mass flow
rate has been obtained. In addition, a numerical model for SCHC and MCHC has
been developed. As input, it requires the geometry and material of the cathode,
propellant mass flow rate and discharge current. In case of MCHC the number of
channels has to be set; all channels need to have same dimensions. The cathode
surface temperature is calculated as a function of the cathode length, as well as
the gas pressure through the channel. The model predicts also the cathode volt-
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age. Non equilibrium excitation/ionization is taken into account, electron energy
losses from the active zone through the cathode exit cross section are considered.
The active zone depth has to be given as input. The MCHC is modelled by
dividing the current and the mass flow rate equally for each channel, while the
thermal conduction between the channels is taken into account. The results are
in good agreement with a few experimental data, but the model does not predict
the active zone depth, surface coating or erosion and MCHCs with different ge-
ometry cannot be simulated.
2.1.5 NASA-JPL
The NASA JPL has conducted research in the field of electric propulsion since
1960. In the first half of 2000, the development of two lithium-fed AF-MPD
thrusters has started, thus continuing the studies conducted during the ’90s in col-
laboration with the MAI. Tested MPDs were 200 kW and 0.5 MW class thrusters,
equipped with MCHCs.[10] Because of a NASA budget reduction, the research
programs prematurely ended.
During the last decade, interest has been given to deep space exploration
programs,[20] which required an increase in the thrusters power up to 5÷10 kW.
The technology maturity of this class of thrusters has been demonstrated by the
NSTAR, which flown on Deep Space 1[21] and Dawn missions,[22], [23] and by the
NEXT[24] ion thruster series developed in collaboration with Boeing. Recently,
the development of the HIVHAC[25] and the BPT-4000[26] hall effect thrusters,
results of a collaboration with Lockheed Martin Space Systems and Aerojet, has
ended in the successful qualification test and a flight experience still on-going.
The wear and failure mechanisms of the orificed hollow cathodes designed for
these thrusters were mainly investigated by the Advanced Propulsion Concepts
Group at JPL. A detailed computational theory regarding the erosion process
of the NSTAR type cathode was developed. As part of this program, in 2005
Mikellides[27] presented the OrCa2D (Orificed Hollow Cathode) numerical model,
an enhancement of the IROrCa2D (Insert Region of an Orificed Hollow Cathode)
code. The software is able to model the plasma properties inside the hollow
cavity. This code was modified and adapted to the different types of cathodes
studied.
The IROrCa2D is a 2D-axial-symmetric, time independent numerical model,
that is capable to simulate the plasma inside the emitter region and thus de-
pends on the measurement of at least one plasma property at the orifice entrance
boundary. In contrast, the OrCa2D is a 2D-axial-symmetric, time-dependent
code that simulates the plasma and neutral gas dynamics in the emitter, orifice,
keeper and plume regions and is more advanced than IROrCa2D in the physics
and numerical approach. OrCa2D is self-reliant, thus does not depend on inputs
from experimental measurements.
The first model, IROrCa2D, was completed and benchmarked with detailed
experimental data along the axis of symmetry of the NEXT and NSTAR cathodes.
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The development of the second model, OrCa2D, is still on-going at the time of
this study. Although the majority of the physics has been implemented, the code
cannot be used to accurately predict keeper erosion yet.
By modifying the IROrCa2D numerical model, Downey[10] has developed a
model for SCHCs recently. The code was adapted to open-ended hollow cathodes,
by modeling the pressure gradient inside the cathode channel, which is neglected
in the orificed hollow cathode model. Moreover, since this model applied to MPD
SCHCs, the assumptions for a highly ionized plasma was used. Thus, higher ion-
ization fractions were considered than in the original model. The propellant gas
is not an input to the model and cannot be changed. Overall, the results of
the numerical model of the plasma parameters are in line with the experiments.
However, no prediction of the cathode surface temperature nor of the erosion rate
is computed by Downey.
2.2 State of the Art of Orificed Hollow Cathodes
Today, orificed hollow cathodes are the standard technology used in neutralizer
devices for hall effect and ion thrusters, or as main discharge cathodes in ion
thrusters. They are a concrete option suitable for space missions.
Used in neutralizer devices, orificed hollow cathodes are operated at low dis-
charge current and voltage (below 10 A and 50 V ); the maximum temperature
reached by the cathode external surface is maintained below 1200 K. This per-
mits to use tungsten impregnated inserts. They slowly release the impregnating
material, lower the work function of the cathode material and thus the operating
temperature. In this way the cathode lifetime can be increased to several thou-
sands hours, which makes these devices capable to survive long space missions.
Orificed hollow cathodes are generally divided in two main groups, depending
on the insert material used. The use of the LaB6 insert or of the BaO:CaO:Al2O3
insert is the state of the art for this technology. The inserts differ mainly in the
work function of the material, which is slightly higher in LaB6 inserts. Comparing
the inserts at the same temperature reveals that the thermionic emitted current
is higher in BaO:CaO:Al2O3 material. Neverthelss, the LaB6 shows a lower
evaporation rate for emitted current density lower than 20 A/mm2, thus calling
for cross checking the operative conditions of the cathode with the expected
lifetime during the design phase. Moreover, the BaO:CaO:Al2O3 material is very
sensitive to water and humidity contamination, which can change the cathode
performance (ignition voltage and discharge current) and cause a strong decrease
of the cathode lifetime. This point has to be taken into consideration when the
AIV/AIT activities are performed at satellite level. It causes several constraints
and introduces the risk of contamination that can lead to the replacement of the
neutralizer.
In 2001 Snecma presented its own LaB6 orificed hollow cathode. It is de-
rived from the Russian heritage and used as neutralizer of the the PPS1350
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thruster.[28] The cathode was designed to operate at a xenon mass flow rate in
the range 0.2÷0.4 mg/s, at a nominal set point of 4.28 A and 7.4 V. The cathode
temperature measured is around 1495 K. In 2007,[29] the cathode was qualified
with the PPS1350G for 10550 hours of operation.
Lately, in 2011, the interest of scientific programs in high-power electric
thrusters generated a demand for high-current devices. The Ukrainian KhAI
high-current SCHC[30] is a response to this demand. The LaB6 insert of this
cathode is capable to operate at a discharge current of 55 A, a mass flow rate
between 0.3 and 0.9 mg/s with a discharge voltage of 25 V. The cathode is still
in development, it underwent a life-test of 200 hr and the current design does not
foresees heaters, needing a voltage ignition of 700 V.
In the same year, the JPL has developed and tested two high-current LaB6
SCHCs.[31] The cathodes differ with regard to the channel diameter (15 and 20
mm respectively). Therefore, they were tested at discharge currents up to 100
and 250 A, at a mass flow rate ranging between 0.7 and 1.15 mg/s. The JPL
cathodes did not undergo a life-test, but the predictions are 12000 hr and 20000
hr of allowed operation respectively.
In 2005,[22] the JPL presented the results of the 30500 hr -endurance test on
the BaO:CaO:Al2O3 orificed hollow cathodes used with NSTAR 3 kW -class ion
thruster, flown on Deep Space 1. The main discharge and the neutralizer hollow
cathodes operated stably for the whole test, showing the high maturity level
reached by this technology. An enhanced model of the NSTAR hollow cathode is
currently in qualification on the NEXT 7 kW -class ion thruster. In August 2011
the thruster assembly accumulated 37000 hr of operation.[25]
The hall thrusters BPT-4000 and HIVHAC are the result of a collaboration
between the JPL and Aerojet. These 4 kW -class hall thrusters are equipped with
BaO:CaO:Al2O3 orificed hollow cathodes. The BPT-4000 has been qualified for
more than 10000 hr [32] and is currently in operation in space, while the HIVHAC
is under development and has been continuously operated for 4700 hr .[25]
In the frame of the Next-Generation Ion Engine program, the Japan Aerospace
Exploration Agency presented the life test of an graphite orificed hollow cathode
in 2007.[33] The cathode is equipped with a BaO:CaO:Al2O3 insert and was
operated for 11000 hr at a discharge voltage of 29 V and current of 15 A. Due
to the low sputtering yield of the graphite, the orifice plate and the keeper plate
showed a very low erosion. This cathode is currently used with the ion thrusters
in development at JAXA.
Finally, the QinetiQ T6 and the Thales Electron Devices HEMPT, are under-
going a qualification and life-test together with the respective cathodes. The T6
orificed hollow cathode is designed to operate at a maximum discharge current
of 30 A with a mass flow rate between 0.1 and 3 mg/s.[34] Its design foresees
a BaO:CaO:Al2O3 insert placed inside a tantalum tube. At the moment, it is
currently undergoing the qualification test in the frame of BepiColombo mission;
it will be operated for 15000 hr. The HCN5000, a neutralizer for the HEMPT, is
undergoing the qualification test for Small GEO satellite.[35] The orificed hollow
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cathode tube consists of a tungsten impregnated matrix with BaO:CaO:Al2O3,
therefore the cathode walls act as an insert, as well as the orifice plate. The typ-
ical operating parameters are 14 V of discharge voltage at a temperature around
1100 K. It will be qualified for a total lifetime of more than 7200 hr.
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Chapter 3
Hollow Cathode Operation
A hollow cathode with defined geometry can be operated in different modes,
since the discharge current and propellant mass flow rate can range among sev-
eral values, thus changing the discharge properties. To understand how the data
gathered during the experimental campaign are correlated with the cathode oper-
ational modes, a brief outline of the main physical processes of the arc discharge
is given in this chapter. Furthermore, in order to define a general nomenclature
of the operational modes, the discharge modes are described, according to the
most recent works found in the literature.
The chapter is not intended as a survey in plasma physics. In fact it is more
an attempt to correlate the experimental activities with the physical processes
of the hollow cathode discharge; it is intended to help the reader to understand
cathode operations on the basis of the main physical processes involved.
3.1 Hollow Cathodes Configurations
Several cathodes configurations can be found in the literature. Nevertheless, only
orificed hollow cathodes are currently used in space as neutralizer devices cou-
pled with electric thrusters, or as main discharge cathodes in ion thrusters. This
section gives a brief description of the orificed configuration as well as single and
multi-channel configurations. These are the most investigated and most promis-
ing cathodes in terms of expected lifetime.
3.1.1 Orificed Hollow Cathode
The orificed hollow cathode is the most common configuration used in the actual
thruster design. Therefore a huge number of studies and data can be found in
the literature. The physical processes which take place in these cathodes slightly
differ from the physics of SCHC and MCHC. For this reason, although orificed
hollow cathodes are not the objective of this dissertation, a general description
of the operating principles is given.
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Orificed hollow cathodes consist of a hollow cylindrical tube ended with an
orifed plate at the exit cross section, as shown in Fig. 3.1. The plasma flows
outside the cathode through a small hole in the plate. A porous tungsten insert
is placed inside the tube, usually impregnated with a low work function material,
the most common is barium-calcium-aluminate (Ba − Ca − Al2O3). To ignite
the discharge, an external heater delivers heat to the insert until the working
temperature (around 1000 K ) is reached. Then, it is switched off when the
discharge is stable. Typically, the heater is a resistive element in physical contact
with the external surface of the tube. Due to the high temperature, the barium in
the insert material diffuses to the insert surface where a layer of adsorbed oxygen
and barium is formed, thus reducing the work function of the tungsten matrix.
Figure 3.1: Schematic of orificed hollow cathode[36]
The propellant gas is ionized mainly by collisions between neutrals and elec-
trons emitted from the insert, and a quasi neutral plasma exits through the
orifice. During the ionization process, ions are produced and accelerated towards
the cathode wall by the sheath potential drop. When they impact the insert
surface, heat is deposited. Then they recombine and drift off as neutrals. This
process continues the heating of the cathode and establishes a balance between
heating through bombardment and cooling through mostly thermionic emission.
Barium adsorption due to evaporation is counterbalanced by continuously dif-
fusion from the internal volume, renewing the barium and barium-oxide layer,
until the insert supply is depleted; this determines a fast increase of the cathode
temperature and the end of life condition.
The orifice plate has the effect to retain the neutral gas inside the cathode. It
increases the cathode internal pressure and the ionization fraction. Indeed, the
total pressure is nearly constant inside the cathode. The insert temperature has a
maximum at the downstream end in contact with the orifice plate and decreases
towards downstream.
The major function of the external keeper electrode is to facilitate the dis-
charge ignition. Moreover, it sustains the cathode discharge and operation in
the event that the thruster is temporarily switched off. It is biased positive with
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respect to the cathode, either facilitating the discharge ignition and reducing the
ion bombardment. Indeed, the keeper has also the important function to protect
the cathode orifice plate by ion bombardment during thruster operation. For
these reasons, the life of the keeper electrode is decisive with regard to the life of
the cathode and thruster.
Orificed hollow cathodes are used as main discharge cathodes in ion thrusters
or as neutralizer devices in both ion and hall effect thrusters. Typically, the
keeper electrode surrounds the cathode tube and is activated to ignite the cathode
discharge, while it is switched off when the thruster starts operations.
Some examples of this type of cathode already in space or currently in qual-
ification have been given in Chapter 2. Such devices have demonstrated a long
lifetime (in the order of ten/twenty thousands hours) and worked at low discharge
current (below 10 A) and very low mass flow rates (below 1 mg/s). The typical
temperature range measured inside the cathode channel with optical pyrometers
is around 1300 K. For comparison, cathodes used for MPD thrusters operate at
discharge current levels up to several kilo-Ampere, thereby reaching temperatures
close to tungsten melting temperature.
3.1.2 Single Channel Hollow Cathode
A hollow cylindrical tube is the simple configuration of a single channel hollow
cathode, since neither an orificed plate nor a low work function insert are used.
Since in MPD thrusters the cathode is exposed at temperature around 2500
and higher, very few thruster designs foresaw heating mechanism to facilitate the
thruster ignition.[9]
Thermionic electrons are emitted directly from the cathode walls, and the
plasma is largely produced inside the hollow tube. Since the hollow tube is
open for the whole diameter to the external environment, the pressure inside
the channel is a decreasing function of the axial coordinate, being maximum
at the cathode upstream and reaching 1-3 torr at the exit cross section. As
explained in Chapter 2, this pressure value was found by Delcroix when the
cathode operated in nominal regime.[1] The electron emission and ionization
processes are similar to those in a orificed hollow cathode, although the cathode
lifetime is only determined by the evaporation rate of the cathode wall itself.
Several experimental works on single channel hollow cathodes that report the
surface temperature profile can be found in the literature. The temperature raises
from the downstream end of the cathode to a maximum value at a certain distance
from the exit cross section, then it falls until the upstream end. This distance
is a function of the cathode diameter, the gas flow rate and the propellant used.
Although this function is still debated in the literature, the general agreement
locates the peak around 3÷5 times the cathode internal diameter.
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3.1.3 Multi-Channel Hollow Cathode
A multi-channel hollow cathode consists of several parallel channels whose ge-
ometry depends on the cathode design. The cross sections of the most common
designs are shown in Fig. 3.2.
The configuration shown in (a) is obtained when drilling several holes parallel
to the central axis in a solid cylindrical rod. These holes constitute the channels
in which the plasma is formed. The macaroni packet (b) is composed of a hollow
cylindrical tube filled with several solid rods with a diameter smaller than that
of the external tube. The channels are created by the spaces between the rods,
without a precise geometrical configuration. The configuration shown in (c) differs
from the macaroni packet since the rods are not solid, but tubes into which the
gas flows. Finally, in the concentric configuration (d) the channels are created
between the concentric cylindrical tubes.
 
 
(a) Drilled Holes (b) Macaroni Packet
(c) Tubes (d) Concentric
Figure 3.2: MCHC configurations
In all cases, each channel interacts with the plasma in a different way, de-
pending on its geometry and distance from the centerline. The electron emission
comes directly from the tungsten walls. This means that each channel acts as a
SCHC and interacts with the others by thermal conduction. The external tube
and rods are usually composed of the same material, most frequently tungsten.
These designs are well suited in MPD thrusters, in which the operative temper-
ature is very high and a porous tungsten insert could not survive for long time.
The MCHC can be seen as many SCHCs put in parallel. It must be pointed
out that the mass flow rate is not evenly distributed among the channels, but it is
a function of the cathode geometry and the temperature radial gradient inside the
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cathode. Therefore, each channel has its own active zone which is different from
that of other channels. This means that the measurement of the external surface
temperature is an average of the active zones of different channels, appearing as
a more diffuse active zone. As it will be discussed in Chapter 5.2.1, MCHCs are
not characterized by a temperature peak that is located at a few diameters of
distance downstream from the exit cross section.
3.2 Arc-Electrode Phenomena
To understand cathode operations, a brief overview of the conditions leading to
electron emission needs to be given. Electrons can be emitted from the metal
surface by individual events, such as ion impact, or by collective events affecting
a large part of the surface, such as high temperature or an electric field. The
distinction between these emission processes can be used to define glow and arc
discharges in a physical manner, regardless of the phenomenological appearance
or current and voltage values.
Fig. 3.3 reports the steady state values of voltage and current which can
occur in an electric discharge produced in a gas flowing between two electrodes,
without any additional heating source. The discharge current is an independent
parameter, while the voltage self-adapts to the arc impedance determined by the
electrodes geometry and the gas pressure.
Figure 3.3: Voltage-current characteristic of electric discharge
According to the figure, three discharge modes can be observed. The dark
discharge mode is mainly dominated by the Townsend regime; the background
ionization is caused by the background radiation responsible for the production of
a small quantity of free charges. In the saturation regime the electrons are not fast
enough to ionize the gas. When the current is increased till the Townsend regime,
the higher voltage speeds up the electrons; the electrons avalanche produced by
the ionization process causes a rapidly divergence of the current towards higher
values until the breakdown voltage is reached. In this condition the plasma is
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established and the ionization process is stable. The discharge is now in glow
mode. The high potential drop gives to the ions enough energy to free secondary
electrons from the surface. The plasma has already developed surfaces sheaths
and, if the current is decreased, the transition to the Townsend regime is affected
by hysteresis. When increasing the current, the potential drop increases until the
ions have sufficient energy to heat the cathode and start the thermionic emission
process. The arc discharge regime, which is characterized by high current values
and low voltage drop, is established.
The voltage distribution between cathode and anode is schematically shown
in Fig. 3.4. The voltage is not evenly distributed but concentrated in the sheaths
near the cathode and anode. The potential drop in the cathode sheath is most
significant for the mechanism that liberates electrons from the cathode surface.
The magnitude of the cathode fall is the fingerprint of the cathode mechanism.
The cathode operation adjust the cathode voltage drop needed to maintain the
discharge. In glow discharges, ions coming from the bulk plasma are accelerated
toward the cathode when they enter the cathode sheath. They reach the surface
with approximately the energy gained in the cathode fall, under the condition
that they are single charged and no collisions occur.
Cathode Sheath Anode Sheath 
Cathode Fall 
Anode Fall 
Cathode Anode 
Figure 3.4: Schematic of the voltage distribution between the electrodes
Glow discharges are dominated by the secondary emission of electrons caused
by ions impingement of the surface. This mechanism is mainly affected by the po-
tential energy of the impacting ions. In order to give secondary electrons enough
energy to heat plasma electrons and to cause ionization in the bulk plasma, the
voltage drop in a glow discharge generally exceed 300 V. In this work this pro-
cess is not investigated, since the operation mode of hollow cathodes is in arc
discharge regime.
On the contrary, in arcs electrons are released by collective mechanisms, i.e.
high temperature or a high electric field. The hot cathode case leads to thermionic
arcs, which can be stationary. In some situations, a hot cathode can be subjected
to a high electric field. Superimposition of thermionic and field emission processes
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can occur, causing field-enhanced thermionic emission (or thermo-field emission).
All conductors emit electron current in proportion to the temperature of the
material and material properties. Assuming that the cathode is subjected to high
temperature and electric field, the emission process is governed by the Richardson
equation:
j = DT 2wallexp(
−φeff
kb Twall
) (3.1)
where  is the emitted surface current density in A/mm2, the surface tempera-
ture Twall is given in K, D is a material-specific modification of the Richardson
coefficient A (with value 6 ∗ 105 A/mm2 for Tungsten[37]). The effective work
function φeff is defined as:
φeff = φ−
√
(
qE
4pi0
) (3.2)
where E is the applied electric field over the surface of the material, φ is the
material work function with value 4.55 for Tungsten.[37] The effective work func-
tion accounts for the voltage across the sheath which increases the thermionic
emission from the cathode surface through the so-called Shottkey effect.
According to the Rischardson equation, if the Skottkey effect is neglected,
electron current emitted from the surface of a thermionic cathode is very sensi-
tive to both temperature and work function, with the latter being the dominant
parameter. A reduction in the work function of 0.5 eV causes a decrease in the
emitted current of one order of magnitude. A similar effect is obtained by varying
the surface temperature around 15%. This sensitivity can be observed in Fig. 3.5.
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Figure 3.5: Sensitivity of emitted current to temperature and work function
Therefore, the cathode temperature is mainly influenced by the choice of ma-
terial (work function) and the propellant used. From Fig. 3.5, it can be deducted
that nearly all the current emitted from the cathode surface comes from a small
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region of the material. In the literature, this region is called active zone or hot
spot. The precise definition of the extension of the active zone varies among the
studies, but it is generally taken as the region of cathode surface responsible for
a certain percentage of the current emitted for thermionic effect, typically in the
range 70-100%.
A common solution to extend the cathode lifetime is the use of materials with
reduced work functions, e.g. thoriated tungsten, lithium or barium mixed to
the propellant. They reduce the temperature and therefore the evaporation and
erosion processes. Indeed, previous studies[38] showed that at high temperature,
the evaporation of cathode surface material is exponentially proportional to the
surface temperature (∼ eT ). For this reason, the capability to predict the tem-
perature distribution of the cathode surface at given operative conditions is very
important, since the results can be used as inputs to evaporation models which
predict the cathode lifetime.
Today, the lifetime of an electric propulsion subsystem (hall-effect, ion or
MPD thruster-based) is mainly a function of the cathode temperature. The ac-
tual research is directed to reduce the work function and to optimize the cathode
geometry: the former is linked to hall-effect and ion thrusters, leading to orificed
hollow cathodes with internal insert, the latter is related to MPD and the de-
velopment of MCHC. The aim of the MCHC is to reduce the current density,
and hence the surface temperature, while at the same time maintaining the total
current constant: this is obtained when increasing the emitting surface by the
use of many channels.
3.3 Hollow Cathode Discharge Modes
Discharge modes have been investigated either by observing the macroscopic pa-
rameters (i.e. mass flow rate, discharge current and voltage, surface temperature)
or the plasma parameters inside the hollow cathode (i.e. plasma number density,
electron temperature, plasma potential). The next sections describe the depen-
dence of the macroscopic parameters on the cathode operative modes. In a second
step, the processes in the internal plasma column will be discussed.
3.3.1 Macroscopic Observation
The physical process of discharge in the hollow cathode is very complicated and
not yet fully understood. Moreover, the existence of different discharge modes
(or regimes) adds several difficulties to the comprehension of the phenomena.
Discharge modes and cathode operations were deeply investigated for the first
time by Delcroix[1] during an extensive experimental campaign on SCHCs. The
discharge current, the mass flow rate and the cathode geometry were identified
as independent variables, and the discharge voltage and the cathode surface tem-
perature as dependent on the previous ones. Delcroix noted that the principal
independent variables can range within very wide limits, thus varying the working
3.3 Hollow Cathode Discharge Modes 31
regime of the cathode, its efficiency and the lifetime. Based on his experiments,
he published a diagram (Fig. 3.6) which correlates the mass flow rate density
(Q/S ) with the current density (I/S ).
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Figure 3.6: Working conditions in Delcroix experiments
Delcroix found that an hollow cathode can operate in stable condition only if
the parameters Q/S and I/S are in the so called ”Normal-regime” zone. When
the cathodes were operated in this regime, the experiments showed well-defined
forbidden zones, which corresponded to the lower values of the parameters of
Q/S and I/S. It was observed that if Q/S is below a certain value, the cathode
wall temperature presents a monotonically decreasing profile along the cathode
axis and the cathode do not operate in nominal conditions (abnormal behaviour
of the electrical parameters, high voltage oscillation). At low values of the dis-
charge current, the cathode operation is not stable. Furthermore, the N regime
is limited by high values of current density: a good compromise between high
thermionic emission and cathode lifetime was observed at 5 A/mm2 of current
density. Delcroix’s diagram provides a good starting point in the design of hollow
cathodes, allowing for a rough estimation of the diameter and mass flow rate of
the cathode when the discharge power is known.
Recent works carried out at the Jet Propulsion Laboratory[39], [40] and at the
Tokyo Metropolitan University[41] investigated the operational regime of orificed
hollow cathode. Three main discharge modes have been observed, that show
different characteristics from visual observation, electrical parameters of the dis-
charge and cathode surface temperature: the plume mode, the spot mode and
the diffuse mode. Each regime depends on the discharge current and the mass
flow rate. A schematic overview of the discharge modes is reported in Fig. 3.7;
the discharge current and voltage values are purely indicative since they depend
on the cathode geometry.
The plume mode can be observed at low values of mass flow rate. It shows
high discharge voltage at low current. The discharge is very luminous between
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the electrodes, as reported in Fig. 3.8 (a), where the cathode is on the left side
and the anode on the right. This mode is characterized by low frequency, ion
acoustic ionization instabilities in the range of 50÷200 kHz.
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Figure 3.7: Electrical characteristic of hollow cathode discharge
The low frequency instabilities tend to increase in amplitude when the mass
flow rate is reduced, while they increase in frequency with the discharge current.
This mode transition takes place gradually depending either on the current or
on the mass flow rate. When the voltage oscillations are no more detected, the
mass flow rate and the discharge current are high enough to enter the spot mode.
This mode is characterized by low voltage values even at high discharge current.
The luminosity is very low and the ionization process is clearly located inside the
hollow cathode (cf. Fig. 3.8 (b)).
(a) Plume Mode (b) Spot Mode (c) Diffuse Mode
Figure 3.8: Discharge modes[41]
The diffuse mode has been observed several times and it is not related to
correct cathode operation. It can vary depending on the distance between the
electrodes and on the dimensions of the vacuum chamber used during the test.
Indeed, at certain values of mass flow rate, increasing the discharge current causes
an abruptly increase in the voltage, coupled with a high luminescence as shown
in Fig. 3.8 (c). Clearly the discharge is not contained between the electrodes
and the discharge current measured at the anode does not correspond to the
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total current provided by the power supply. This means that part of the current
flows towards the chamber walls, thereby determining a non-conformance in the
operating condition of the cathode.
Due to the plasma oscillations, the plume mode has been associated with high
cathode erosion rates and high energy ions production. Goebel observed that the
transition from spot to plume mode is characterized not only by an increase of
the oscillations in the discharge current, but also in the plasma density in the
cathode plume and in plasma potential. Ultimately, it was observed that at high
discharge current, if the mass flow rate is reduced at a very low level, the discharge
current is periodically interrupted. Moreover, it has been observed that operation
in plume mode can lead to excessive neutralizer wear.[42]
This failure process has been confirmed during the performance test of the T6
ion thruster.[43] During the test, measurements of the discharge voltage and the
keeper voltage oscillations indicated that the neutralizer was operating in plume
mode. To address this issue, two additional neutralizer were provided with smaller
orifice diameters. The characterization test showed that at a mass flow rate of
0.19 mg/s (2 sccm in Fig. 3.9) a discharge current higher than 2.5 A was needed
to leave the plume mode. Fig. 3.9 reports the parameters recorded during the
test. It can be noted that plume mode is characterized by high coupling voltage
between thruster and neutralizer (-30 V in figure (a)), and by voltage fluctuations
in (b) in the order of 8÷16 V peak-to-peak.
(a) Coupling Voltage (b) Keeper Voltage Fluctuation
Figure 3.9: Qinetiq Neutralizer Performance[43]
It has to be pointed out that the discharge modes discussed in this chapter
have been experienced on SCHCs or orificed hollow cathodes and that no detailed
description of MCHCs operation can be found in the literature. Nevertheless, as
anticipated before, the MCHC can be modelled as many SCHCs assembled to-
gether in parallel; therefore the behaviour of the MCHC can be seen as the global
effect of SCHCs operations in parallel. This assumption has been proved dur-
ing the experimental investigation carried on MCHCs in the frame of this study.
Therefore, in the next chapter, the nomenclature of MCHCs operations will be
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referred to the operational modes described in this chapter.
3.3.2 Internal Plasma Column
The internal plasma column is the most important zone of the hollow cathode. It
is the place where the plasma is formed. Although a clear definition of its border
cannot be found in the literature, it is commonly located in correspondence of the
active zone, which is centered on the location of the cathode temperature peak.
Actually, theoretical and numerical researches on MCHCs are limited and there
is no validated model capable to quantitatively predict the plasma parameters
inside the hollow cathode.
The cathode’s internal volume can be divided in three main zones (cf. Fig. 3.10).
Figure 3.10: Schematic of the hollow cathode region
In the bulk plasma, most of the ionization process occurs. The plasma is quasi-
neutral and the voltage drop (and so the electric field) can be approximated as
purely axial. In the sheath the electron emission takes place: the interaction of the
plasma with the cathode surface is dominant and the electric field is approximated
as purely radial. Between the two zones a layer called pre-sheath exists. It is the
interface between the bulk plasma and the sheath.
As shown in Fig. 3.11 (a), the total cathode drop begins at the cathode exit
cross section, and ends at the potential of the cathode wall itself. The IPC can
be defined as the region of internal cathode volume containing the plasma and
its attachment to the cathode wall; it is therefore bordered by the sheath voltage
lines which allow the emitted electrons to gain sufficient energy to ionize the
propellant.
Ions produced in the ionization process are accelerated through the sheath
towards the cathode wall and deliver energy at impact. The energy deposited
to the cathode is proportional to the sheath drop. Thus, it is a function of the
cathode axis (experimentally, the electron temperature is found higher inside the
channel near the cathode exit). With experimental investigations, Delcroix[1]
showed that the magnitude of the sheath potential drop inside a SCHC can vary
significantly with the axial distance from the cathode exit (cf. Fig. 3.11).
Moreover, the potential drop varies inside the hollow cavity as a function of
the propellant mass flow rate and discharge current. Reducing the mass flow rate,
Delcroix observed an increase of the IPC length and cathode voltage drop.
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(a) Low MFR (b) Medium MFR
(c) High MFR
Figure 3.11: IPC as a function of the MFR[1]
This effect ties with the reduction of the neutral density which increases the
mean free path and reduces the electron collision frequency:
λmfp =
1
nnσen
νen = nnσenve (3.3)
with σen is the electron-neutral collision cross section, nn the neutral number
density and ve the electron velocity.
Since the current driven by the power supply is constant, the cathode dis-
charge process self-adapts to the increased electron mean free path. Experimen-
tally, the plasma is observed to move further upstream and the discharge voltage
increases. Given the fact that the electric field penetrates further upstream, the
region of wall with minimum sheath drop required for ionization increases, pene-
trating deeper in the cavity. A larger surface of the cathode wall emits electrons
with energy sufficient to ionize propellant. The ions produced deliver heat during
the strikes, thus increasing the cathode temperature and moving the temperature
peak upstream. The discharge voltage increase is a consequence of the deeper
penetration of the electric field, which causes an increase in the sheath voltage
drop. This means that higher power is required to maintain the discharge current
level.
To analyse this process in more details, the contribution of the multi-step
ionization process and the hollow cathode effect have to be considered. High
energy electrons can reach the cathode wall if their energy is higher than the
sheath drop. Assuming that the electron temperature is distributed according
to the Maxwell distribution, only the high energy tail of the distribution can
pass through the sheath and only the electrons which are at a distance from the
cathode wall smaller than the mean free path. This is the reason why the sheath
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regions are usually modelled as collisionless. However, this assumption neglects
the hollow cathode effect.
As discussed before, plasma inside the hollow cathode is generated by col-
lisions between the neutral atoms of the propellant and electrons coming from
thermionic emission or electrons in the high energy tail end of the distribution.
The particular geometry of the hollow cathode results in a more efficient use
of the fast electrons with respect to other electrodes’ geometries. In the hol-
low cathode the electrons are electrostatically confined and can oscillate between
opposed cathode surfaces and sheaths before leaving the cathode cavity. These
electrons are called ”pendular”electrons[44], [45] since most of their energy acquired
in the cathode sheaths is dissipated in the plasma. The fast electrons, oscillating
between the opposite sides of the cathode sheath, create electrons in single ion-
ization events (one electron-atom stroke). The single ionization event is defined
by the ionization potential of the propellant, which sets a minimum requirement
on the energy of the electrons.
The pendulum effect does not significantly influence the generation of elec-
trons in the plasma which occupies the low-energy range, and they are not capa-
ble of producing further ionization. This effect enhances the ionization efficiency
since the fast electrons are capable of creating electrons in the sheaths. Electrons
created in the sheaths are accelerated in the intense electric field and can cre-
ate fast electrons via further ionization events. The electrons production in the
sheaths causes an exponential increase of the discharge current, differently from
the linear production of electrons in the bulk plasma.
Slow electrons which populate the majority of the Maxwellian energy distribu-
tion are mainly responsible for the multi-step ionization process. In this process
finite packs of energy are transmitted to neutral atoms during single collisions,
raising the atoms internal energy to a level close to the ionization. The excited
neutral atoms have probability of decaying to lower energy level, if the change-
state frequency is higher than the electron-neutral collision frequency. The decay
to lower energy levels occurs with radiation emission, that is absorbed by the
cathode walls or by other particles. This event can be considered as energy loss.
The relative contribution to plasma generation made by single collision and
multi-collision processes has been qualitatively investigated by Downey,[10] under
the hypotheses that the electron temperature is far below the ionization energy
and the neutrals speed is lower than the electrons speed. The relation between
the single-step and multi-step ionization ratio, in a plasma with electron temper-
ature below the ionization energy in the bulk plasma, shows that the step-wise
ionization process dominates. When the electron temperature is nearly equal
to the ionization energy, both processes contribute to the generation of plasma.
Finally, when the electron temperature is higher than the ionization energy, the
single step ionization dominates. This is in accordance with studies on the hollow
cathode effect and defines a border between two different cathode operations: as
reported in the literature, electron temperatures measurements up to 3 eV lead
to consider the stepwise ionization rate several order of magnitude more signifi-
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cant than the direct ionization rate for cathodes. These values are measured in
the plasma plume not far from the cathode exit cross section and not in the bulk
plasma. This result is reversed when the electron temperature is higher.
In a theoretical and numerical study on orificed hollow cathodes, Mikellides[46]
shows that the average electron energy levels are below the ionization potential
for xenon, and the contribution of the multi-step ionization is significant. De-
creasing the mass flow rate, and thus the collision frequency between electrons
and neutrals, leads to a decrease in the efficiency of the multi-step ionization.
To maintain the ionization process, high energy electrons are necessary, therefore
a growth of the potential sheath is observed, with the macroscopic result that
the power discharge is raised. The increase of the discharge voltage necessary to
intensify the plasma penetration is less demanding with respect to the increase of
thermionic current density emission. This process is the result of the contribute
of the multi-step ionization to the plasma formation process. The modelling of
these processes is very complex and no reliable numerical model that addresses
all the processes can be found in the literature.
The results found by Mikellides and Downey are confirmed by a huge number
of studies which share the same cathode’s operative and geometrical parameters
(typically below 60 A in discharge current and below 10 mm in diameter). This
means that these results can be confirmed for cathodes operating at low values
of current density, typically below 5 A/mm2. On the contrary, MCHCs are
operating at higher discharge powers, which results in a current density higher
than 5 A/mm2.
Recently, Goebel[31] carried out an experimental campaign on two high-current
orificed hollow cathodes with LaB6 insert. The cathodes differed from each other,
with the first 15 mm in diameter and the second 20 mm. The first cathode was
tested up to 100 A discharge current, while the second up to 200 A. Goebel pre-
sented the electron temperature measurement performed outside, at 4 mm from
the exit cross section, with values higher than 3 eV.
Similarly, Loyan[30] tested an orificed hollow cathode with LaB6 insert at dis-
charge current of 70 A. The electron temperature measured at the orifice cross
section was around 3 eV.
The MCHCs tested during this study share similar cathode dimensions, but
higher discharge currents up to 160 A. Therefore, the assumption of low electron
temperature and multi-step ionization process is considered to be not correct,
since the expected electron temperature is higher than 3 eV. This means that
when the electron temperature approaches 3 eV, the ionization process enters a
border condition in which multi-step and single-step ionizations can occur. Un-
fortunately, no electron temperature measurement was available in the course of
this study, because no related diagnostic system was implemented. Nevertheless,
from the available literature data investigated and from the data gathered during
the experimental campaign, it is deducted that the transition between multi-step
ionization and single-step ionization started at around 100 A of discharge current.
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Chapter 4
Test Equipment
This chapter deals with the test items and the equipment used to perform the
test campaign. For this purpose, the driving requirements of the mechanical and
thermal design of the test set-up are explained and the solutions adopted to fulfill
the specifications are detailed. In a second step, the electrical and the gaseous
configuration of the test set-up are described, as well as the experimental vacuum
facility. Finally, the technical parameters of the components of the diagnostic
system used during the test activities are reported.
The test plan and the test results will be discussed in Chapter 5.
4.1 Vacuum Facility
The experiments were performed in the Alta’s IV-4 vacuum chamber. IV-4 is
composed of two sections made of AISI 316L stainless steel: the auxiliary chamber
2 m in diameter, 3.2 m in length and the small chamber, 1 m in diameter, 1 m
in length. The sections are connected through a 1 m diameter gate valve. The
chamber is equipped with a high performance pumping system.[47] The chamber
pressure was continuously monitored by three Leybold-Inficom ITR90 sensors.
The small chamber was used to accommodate the cathode set-up, its electrical
and gas feeding systems, while the auxiliary chamber allowed a free expansion of
the plume, reducing the interactions with chamber walls and accommodated the
main pumping system.
According to the vacuum chamber specification, at a mass flow rate of 5 mg/s,
the calculated operating pressure is around 10-3mbar. Considering an ambient
temperature T of 298 K, the operating pressure p was calculated:
p =
m˙RArT
v˙
(4.1)
where m˙ is the argon mass flow rate, v˙ is the chamber pumping speed of 2.4
m3/s considering the operation of only the turbo-molecular pump, RAr is the
argon specific gas constant. The chamber leakage was evaluated to assess the
40 4. Test Equipment
chamber performance, but it caused a negligible increase in the pressure, being of
few orders of magnitude lower than the operating pressure itself. Fig. 4.1 shows
the vacuum chamber IV4.
(a) IV4
(b) IV4 - Schematic
Figure 4.1: IV4 test facility[47]
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4.2 Test Items
Two MCHCs were designed by Alta and RIAME-MAI in order to operate at
a nominal discharge current of 150 A, a discharge voltage of 20 V, with an ar-
gon mass flow rate of 4.5 mg/s. The high temperature expected during operation
led to use materials with a high melting point, such as tungsten and molybdenum.
4.2.1 Multi-Channel Hollow Cathode 1
The first MCHC has been manufactured and assembled by RIAME-MAI. It is
shown in Fig. 5.1.
The bundle of rods is housed in the main tube, all parts are made of pure
tungsten. The holder is screwed to the flange, both in molybdenum. The main
tube and the holder are electro-beam welded. The cathode has an inner diameter
of 10 mm filled with 36 tungsten rods of 1.4 mm in diameter. The mechanical
interface is provided by four holes in the flange used to connect the cathode to
the metallic supporting structure which will be described in the next sections.
The gas interface is provided by the cylindrical terminal of component 6, through
a screwed connection to the gas feeding pipe. Gas sealing is guaranteed by a
conical coupling between the gas connector and the holder, tighten together by
the nut.
Part Number Component Material
1 Rods Tungsten
2 Cathode Main Tube Tungsten
3 Cathode Holder Molybdenum
4 Fixing Flange Molybdenum
5 Nut Molybdenum
6 Gas Connector Stainless Steel
Figure 4.2: Schematic drawing of MCHC 1
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Assuming a constant diameter of the rods, the cathode cross-section open to
the gas flow is around 17 mm2. Fig. 4.3 shows the frontal surface of the cathode
after the manufacturing.
As described in the next section,
Figure 4.3: Frontal surface of MCHC 1
at the end of the characterization test,
the screwed mechanical interface of the
fixing flange failed, due to the high
number of thermal cycles the cathode
underwent. The cathode holder re-
sulted welded to the fixing flange and
due to a mishandling during the dis-
mounting operation, it was broken.
4.2.2 Multi-Channel Hollow Cathode 2
RIAME-MAI provided the external cylinder of the MCHC 2 together with the
tungsten rods, but the assembly activity described in Appendix A was performed
at Alta. The MCHC that was tested is shown in Fig. 5.2
Part Number Component Material
1 Rods Tungsten
2 Cathode Main Tube Tungsten
3 Cathode Holder Molybdenum
4 Fixing Flange Molybdenum
5 Nut Molybdenum
6 Gas Connector Stainless steel
Figure 4.4: Schematic drawing of MCHC 2
The 36 rods of 1.4 mm diameter are packed inside the main tube with the
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base surfaces aligned to the frontal cross section. The main tube is a 10 mm
inner diameter cylinder, electron beam welded to the holder. In the design of the
MCHC 1 the holder was screwed to the fixing flange, but the mechanical interface
was modified after a failure due to thermal cycles during operation. Instead of
a screwed holder, two stainless steel flanges tied together by bolt connections
were introduced. In Fig. 4.5 the bearing seat of the cathode tightened by the
two flanges is shown. The gas connection is obtained through the use of a nut
screwed to the back side of the holder. The gas sealing is guaranteed by a conical
coupling between the gas connector and the holder. The four holes of the fixing
flange are used to connect the cathode assembly to the support structure.
After the assembling process, i.e. the filling of the main tube with the rods,
a non-conformity on the frontal surface was observed. As emphasized in Fig. 4.5,
two rods were placed in the main cylinder slightly deeper than the other rods,
creating a small cavity. As it will be discussed in the next chapter, it is this geo-
metrical discontinuity that affected the cathode operation. Assuming a constant
diameter of the rods, the open cross section of the cathode is around 17.4 mm2.
Figure 4.5: Frontal surface and mounting interface of MCHC 2
4.2.3 Anode
The anode assembled in the vac-
Figure 4.6: Anode assembled in the set-up
uum chamber is shown in Fig. 4.6. The
high temperature expected during the
test activities was the driving parame-
ter in the design of the anode. There-
fore, a copper cylinder 100 mm in in-
ternal diameter, 134 mm in external
diameter and 89 mm in length was
used. This guaranteed a high thermal
conductivity and avoided any risk to
damage the set-up during operation.
Moreover, a water-cooling system was
designed and assembled around the anode. A copper tube was placed inside a
helical groove, 6 coils, 7 mm in depth, machined on the external surface of the
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anode. The tube was fixed with 6 stainless steel clamps to guarantee the contact
with the anode surface. The design drawing of the anode is reported in Appendix
B.
4.3 Test Set-up
4.3.1 Mechanical Design and Materials
The schematic drawing of the experimental set-up is shown in Fig. 4.7.
Part Number Component Material
1 Cathode -
2 Cathode Mounting Interface Molybdenum
3 Nut Molybdenum
4 Anode Copper
5 Anode Mounting Flange AISI 304
6 Cathode Mounting Flange AISI 304
7 Insulating Supports (4) PEEK®
8 Insulating Discs (4) Boron nitride
9 Anode Base Flange Aluminium
10 Cathode Base Flange Aluminium
Figure 4.7: The schematic drawing of the experimental set-up
The mechanical constraint in the design of the vacuum set-up was the weight
of the anode, around 2 kg. The weight of the cathode and of the mounting
interface was below 0.5 kg. Therefore, the cathode and the anode were assembled
on two AISI 304 mounting flanges 5 mm in thickness. The flanges were obtained
by welding the base rectangular plate of 200 mm in width and 100 mm in length
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with a vertical rectangular plate of 200 mm in width, 400 mm in height.
Two triangular supports were welded between the base and the vertical plate
of each flange, in order to reduce the plate deflection at high temperature. The
electrical connections were obtained by fixing the electric wires with two bolts
on each base of the flanges. Four PEEK® supports were used to electrically
insulate the set-up from the vacuum chamber, while four boron-nitride discs were
used to provide thermal insulation. The insulating components were fixed to
the mounting flanges and to the base plates with separated screwed connections.
The set-up was placed onto two aluminium base plates that were connected to the
vacuum chamber by the use of screwed connections. The cathode gas connector
was welded to a 20 mm in length cylindrical tube, the extremity of which was
equipped with a Swagelok® connection. This was used to connect a PTFE® tube
of 1/4” in diameter which provided the bridge to the chamber feed-through. The
PTFE® tube had the secondary purpose of providing the electrical insulation
with respect to the chamber feed-through.
(a) Cathode flange (b) Anode flange
(c) Lateral view
Figure 4.8: The experimental set-up
The design drawings of all the components of the vacuum set-up are included
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in Appendix B. In Fig. 4.8 the experimental set-up is shown. The distance be-
tween the electrodes visible in lateral view (c) is not correct, but it was set
according to the calculation reported in the next sessions.
As it has been announced before and as it will be described in the next sec-
tions, the test set-up was equipped with a water cooling system assembled on
the anode surface. The water pipes were insulated with respect to the vacuum
chamber using PTFE® pipes, but 1 MΩ resistance was measured through the
conductive path. It was caused by the water itself, which allowed a slight current
conduction to ground during operation (<2 mA).
4.3.2 Thermal Design
The following section reports the thermal design of the test set-up, with an em-
phasis on the thermal analysis and the design of the cooling system.
Thermal Analysis
The cathode was designed to operate at a discharge power of about 3 kW. There-
fore, the high temperature expected during operation impacted on the arrange-
ment of the set-up and the choice of materials.
A thermal simulation was performed in Ansys® 11 environment to calculate
the temperature distribution along the set-up. The mechanical model was de-
signed in ProEngineer® Wildfire 2.0 environment to be representative of the real
configuration. As shown in Fig. 4.10 (b), the cathode was designed according to
the dimensions reported in Fig. 5.1 and Fig. 5.2. Instead of 36 rods, 37 rods were
designed to ensure an equally spaced surface and an open cross section of 17.4
mm2.
Component Conductivity, k [W/m K] Emissivity, 
Cathode 170 0.28
Cathode Holder 139 0.2
Cathode Interface 139 0.2
Nut 20 0.7
Anode 386 0.6
Anode Mounting Flange 20 0.7
Cathode Mounting Flange 20 0.7
Insulating Supports (4) 0.25 -
Insulating Discs (4) 25 -
Anode Base Flange 204 -
Cathode Base Flange 204 -
Table 4.1: Thermal conductivity and emissivity values
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In Tab. 4.1 the thermal conductivity and emissivity for each material used in
the simulation are reported. The thermal emissivity is not reported for the com-
ponents that were not taken into consideration in the calculation of the radiated
heat flux. Both parameters were considered to be constant in the range of the
calculated temperature.
A three dimensional, 80000-elements tetrahedral mesh was adopted. In order
to better evaluate the thermal load distribution along the cathode, the mesh was
thickened in correspondence with the cathode rods and along the cathode itself.
Fig. 4.9 shows the mesh used for the whole set-up assembly and a detailed view
of the cathode cross section.
Figure 4.9: Three dimensional 80000-elements tetrahedral mesh
The thermal simulation was performed by considering a thermal load of 3 kW
applied to the internal surfaces of the cathode rods and to the internal surface
of the anode. According to experimental data and theoretical analyses described
in the literature,[37] the thermal load has been divided between the cathode and
the anode with the ratio of 3:1. Fig. 4.10 shows the thermal load applied to the
internal surface of the rods together with the cathode frontal surface used in the
simulation.
(a) Cathode thermal load (b) Cathode frontal view
Figure 4.10: Thermal load and cathode frontal surface
The heat flow due to conduction was calculated at each point of connection
between each component of the assembly. The thermal radiation was considered
48 4. Test Equipment
between all components and between each component and the external ambient.
The temperature of the environment was set at 22. As a worst case evaluation,
the insulating supports, the insulating discs and the base flanges were not included
in the calculation of the radiated heat flux towards the external ambient.
Moreover, in order to better estimate the thermal load distribution along the
cathode, the thermal convection of the gas flowing inside the cathode holder was
evaluated. The heat transfer coefficient h needed as an input to the simulation
was calculated according to the Dittus-Boelter correlation in the case of smooth
surface and turbulent flow (± 15% of accuracy):
Nu = 0.023Re0.8Prm (4.2)
where Nu is the number of Nusselt, Re the number of Reynolds and Pr is the
number of Prandtl. The parameter m takes into consideration the direction of
the heat exchange. The dynamic viscosity µ of the gas was considered dependent
from the temperature T according to the Sutherland relation:
µ = µ0
T
T0
3
2 T0 + 110
T + 110
(4.3)
where the subscript 0 refers to parameters evaluated at standard conditions for
temperature and pressure (273.15 K, 100 kPa). Fig. 4.11 (a) shows the cathode
internal surface interested by the thermal convection.
The boundary condition on the temperature was imposed at the bottom sur-
faces of the anode base flange and of the cathode base flange, where the tem-
perature was fixed at 22. In Fig. 4.11 (b) the surfaces on which the boundary
condition was applied are highlighted.
(a) Thermal convection (b) Boundary condition
Figure 4.11: Thermal convection and boundary condition
The calculated temperature along the set-up is shown in Fig. 4.12. Further-
more, the cathode and the anode cross sections are detailed.
The maximum calculated temperature is 2444, at a few millimeters from
the cathode frontal surface towards the upstream direction. Moving from the
cathode exit cross section along the axis, at a distance of 50 mm and in cor-
respondence with the cathode holder, the temperature decreases at a value of
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1229. The temperature of the cathode mounting interface is around 340. The
anode temperature is nearly constant at 380, while the temperature of the
anode mounting flange in the proximity of the anode is around 360.
According to the simulation, the temperature values calculated were not ex-
pected to be dangerous for the set-up. With consistent margins they were be-
low the melting temperature for each component. Nevertheless, the anode was
equipped with a water cooling system which will be outlined in the next sections.
(a) Setup temperature (b) Cathode and anode detail
Figure 4.12: Calculated set-up temperature
Fig. 4.13 shows the calculated heat flux. The distribution of the heat due
to the thermal conduction along the set-up is clearly highlighted as well as the
heat flux due to the radiation. The cathode detail emphasizes the distribution of
the heat flux between the rods and the high radiative heat flux due to the high
cathode surface temperature.
(a) Cathode and anode detail (b) Cathode detail
Figure 4.13: Calculated heat flux
Water Cooling System
The water cooling system outlined in Fig. 4.14 was divided into two branches.
The first branch was composed of a copper cylindrical tube, 1/4”of outer diameter
and 3 m in length. It was assembled on the anode and tightened to the external
surface to guarantee an high thermal conductivity. It was screwed by Swagelok®
connections to the second branch, that consisted of two PFA® cylindrical tubes,
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3/8” of outer diameter, 2.5 m in length. The PFA® tubes were connected to the
chamber feed-through and provided the electrical insulation between the anode
tubing and the chamber wall.
The estimated thermal power of 3 kW to be removed from the setup was the
driving requirement in the design of the water cooling system. The diameter of
the PFA® tube was chosen to avoid high reduction of the water mass flow rate.
The water mass flow rate measured using the laboratory cooling system was 2.8
l/min.
Figure 4.14: Detail of the water cooling system
According to this result, the water temperature difference between the outlet
(Toutlet) and the inlet (Tinlet) of the water cooling system was calculated as:
Toutlet − Tinlet = Q˙
m˙cp
(4.4)
where Q˙ is the thermal power, m˙ the water mass flow rate and cp the heat capacity
of water at constant pressure.
Assuming an inlet water temperature of 15, the calculated outlet water
temperature was about 30. This was not suggested to be dangerous for the
cooling system of the laboratory.
In order to detect any issue potentially dangerous for the vacuum pumps,
the water cooling system underwent a leakage test before the assembly in the
vacuum chamber. The system was pressurized with helium gas and installed into
a vacuum chamber. When the steady state pressure of 10-5 mbar was reached,
the pumping system was deactivated and the chamber pressure was monitored
for four hours in order to detect any leakage.
In Fig. 4.15, the chamber pressure during the leakage test is reported in light
blue color (a), while the set-up used for the leakage test is shown in (b). The
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pressure curve can be read by distinguishing three phases: the typical behavior
of the turbo pumping on the left, the switch off of the pumping system after
the pressure stabilization and the pressure increase due to the chamber leakage.
Analysing the pressure increase, no leakage from the tubing assembly with respect
to the vacuum chamber was detected and the water cooling system was assumed
to fulfill the leakage requirements of the IV-4 vacuum chamber.
(a) Pressure behavior (b) Water cooling system
Figure 4.15: Leakage Test
4.3.3 Electrodes Configuration
The coaxial diode configuration was
(a) Inter-electrode geometry
0
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(b) Paschen curve for Ar
Figure 4.16: Leakage test
adopted, with the inter-electrode dis-
tance being measured along the elec-
trodes axis, set at 5 mm. To prevent
unexpected arc discharges towards the
vacuum chamber, the electrodes were
mounted in floating configuration with
respect to ground. The mounting flanges
were at the same potential of the elec-
trodes, as the electrical connections were
obtained through them.
The inter-electrode distance was cho-
sen by taking into consideration the
maximum voltage applicable between
the electrodes (500 V constrained by
the power supply used) and the ex-
pected pressure between the anode and
the cathode. According to Delcroix,[1]
for a cathode working in nominal regime,
the gas pressure at the outlet cross
section is in the range 1÷3 mbar.
Assuming electrodes with infinite
plane surfaces, the inter-electrode distance (d) needed for the arc ignition can be
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calculated by using the Paschen curve for argon gas. The break-down voltage
(V ) is given as input, as well as the gas pressure between the electrodes (p), :
V =
bpd
log( apdlog(1+1/γ))
(4.5)
where γ is the second Townsend coefficient, a and b are two constants functions
of the gas.[48]
Fig. 4.16 shows the inter-electrode geometry (a) as well as the Paschen curve (b)
for argon gas at a pressure of 1 mbar between the electrodes. According to the
curve, at the inter-electrode distance of 45 mm, the break-down voltage is around
400 V.
4.3.4 Electrical Circuit
Fig. 4.17 outlines the schematic diagram of the electrical circuit and a detailed
list of the hardware used. The full scale and accuracy values of the measurement
for all the diagnostic equipment are reported in section 4.4. The electrical circuit
includes a high voltage and a high current power supplies connected in parallel.
The HV power supply was used to ignite the cathode discharge, as it was capable
to apply 500 V of potential difference, while delivering a maximum current of
12.5 A.
Equipment Model
HC Power Supply Nuova Cetass® 520 ACC
HV Power Supply Huttinger® PFG 5000 DC
Current Probe LEM® LT505-S/SP5
Voltage Probe LEM® CV 3-1500
Protection Diode (2) SEMIKRON® SKN 240/12
Figure 4.17: Schematic diagram of the electrical circuit
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The HC power supply was used for the nominal subsequent operations. It
provided a maximum current around 200 A, but was capable to apply only 70 V
of potential difference between the electrodes. Two SEMIKRON® diodes, able
to sustain up to 1200 V and 500 A, were used to protect the power supplies from
reverse current. The ballast resistance of about 1 Ω was used to prevent the
switching off of the HV power supply due to the sudden decrease of the electrical
load at the arc ignition.
The current probe was placed in series between the power supplies circuit
and the anode connection, while the voltage probe was connected directly to the
anode and cathode wires. Both probes were placed outside the vacuum chamber,
connected to the data acquisition system.
The wires of the circuit were designed taking into account the high current
foreseen during operation, according to the following design rule:
j ≤ 10 A
mm2
(4.6)
where j is the current density. The high voltage applied at the ignition was
the second driving parameter. Therefore, butyl commercial cables with 20 mm2
cross section (copper conductor) were used from the power supplies to the vac-
uum chamber feed-through. The electrical circuit wires were able to sustain a
voltage up to 1000 V. Inside the vacuum chamber seven PTFE® cables with 3.3
mm2 cross section (copper silvered conductor) were used per each electrode. Each
chamber feed-through conductor consisted in a copper rod 10 mm in diameter.
4.3.5 Propellant Feeding System
The gas feeding system is depicted in Fig. 4.18. In the same figure a list of
the hardware used is presented. The full scale and the accuracy values of the
measurement for both mass flow controllers are reported in section 4.4.
The gas feeding system consisted of two independent lines: one line was fed
with argon gas 5.0 purity grade, while the other line with xenon gas 4.8 purity
grade. Each line was equipped with dedicated pressure regulators, mass flow con-
trollers (Bronkhorst® for xenon and Tylan® for argon) and Swagelok® valves.
The manual pressure regulators were used to decrease the tank high pressure to
2.2 bar required by the mass flow controllers. The solenoid valves were connected
to the DAQ system and activated via software. Swagelok® manual valves were
used to connect the feeding lines to the chamber feed-through.
Due to the lower ionization potential, the xenon gas was used to ease the
arc ignition and the transition from the diffuse mode to the spot mode, while
the argon gas was fed to the cathode as soon as the arc discharge reached stable
condition. The subsequent operations continued using argon gas.
The tubing system fully consisted of cylindrical pipes 1/4” in diameter, con-
nected with all the equipment using Swagelok connection. During the test, the
size of the tubing cross section demonstrated to be capable to sustain the required
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mass flow rate and pressures. Moreover, a leakage test of the system, using he-
lium gas, was performed at the beginning of the experimental campaign without
raising any non-conformity.
Equipment Model
Xe Mass Flow Controller Bronkhorst® F201C-FAC-22-V
Ar Mass Flow Controller Tylan® FC261
Manual Valves (2) Swagelok® SS series
Solenoid Valves (3) Swagelok® SS series
Pressure Regulators (4) Bronkhorst®
Xenon Tank Purity Grade 4.8
Argon Tank Purity Grade 5.0
Figure 4.18: Schematic diagram of the gas feeding system
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4.4 Diagnostics
The diagnostic system consisted in probes to acquire the electrical parameters,
thermocouples to measure the set-up temperature, an optical pyrometer dedi-
cated to the cathode surface temperature as well as in the equipment used to
acquire and control the mass flow rate of the gas. All the instruments were con-
nected to the National Instruments® DAQ system controlled by the LabView
National Instruments®. This software was specifically designed for the test cam-
paign, and used to control the hardware and to record the data.
4.4.1 Driving Requirements
The probes and the acquisition hardware were chosen in order to fulfill the mea-
surement ranges of the recorded parameters ant to properly cover the acquisition
frequencies required. The optical pyrometer and the view-port were specifically
procured for the test, taking into consideration the temperature range to be mea-
sured and the acquisition frequency to be covered.
Several measurements of the cathode wall temperature were performed using
high acquisition frequency (200Hz ), but due to the nature of the heat exchange
physical process between the plasma and the cathode walls, which involves high
response time, it was agreed to use an acquisition frequency of 1 Hz. The thermal
effects of the plasma on the cathode wall showed a high transitory time and even
the temperature increase at localized zone of the cathode surface, which was
ascribed to local arc attachment, had a long development time. Even more, the
set-up temperatures were acquired at the acquisition frequency of 1 Hz, since the
thermal inertia of the system did not require a higher acquisition rate.
The acquisition frequency of the electrical parameters was set at 1 Hz during
cathode nominal operation. High frequency measurements were not possible dur-
ing the ignition phase, given the fact that the arc ignition was not well controlled.
4.4.2 Electrical Parameters
The electrical parameters were measured using voltage and current probes.
Probe Max Max Response Bandwidth Accuracy
Voltage [V] Current [A] Time [µs] [kHz] [%]
Current - 1400 <1 150 ±0.25
Voltage 1500 - 0.4 800 ±0.2
Table 4.2: Probes electrical data
Tab. 4.2 reports the measurement full scale of the probes. The accuracy of
both probes at 25 is provided as percentage of the measurement full scale.
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Therefore, the current data are affected by an error of ±3.5 A, while the voltage
data are given with a measurement error of ±3 V.
Considering the cathode operations, the higher measurement error was com-
mitted at current of 20 A (error of ±17%) and voltage of 20 V (error of ±15%).
The current measurement error can be neglected at the high current values
recorded during the endurance test (130÷150 A).
The voltage probe was connected directly to the anode and the cathode, mea-
suring the potential difference between the electrodes. The cathode reference
potential, i.e. the cathode potential measured with respect to ground, was pe-
riodically checked and recorded during operations. A constant value around -6
V was measured. Thus, all the voltage data presented refer to the difference
between the anode and the cathode voltages.
The characterization tests were performed with the aim of obtaining the elec-
trical characteristic of the vacuum arc. The measurements consisted in the record-
ing, for a given amount of time, of the electrical parameters. Fig. 4.19 shows the
data recorded for the point at 100 A.
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Figure 4.19: Electrical parameters
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Figure 4.20: Electrical characteristic
Afterwards, during the data post processing, the data recorded were averaged
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along a given time interval and plotted in the electrical characteristics: each aver-
aged point is reported with the error bars to account for the standard deviation of
the measurements. Fig. 4.20 presents the electrical characteristic obtained during
operation at 3 mg/s: (a) reports the punctual values, while (b) the averaged val-
ues as typically plotted in the electrical characteristics shown in the next chapter
for all mass flow rate conditions.
4.4.3 Propellant Mass Flow Rate
The mass flow rate in each pipe line was controlled and measured by the respective
mass flow controller, the parameters of which are reported in Tab. 4.3 for nominal
operation at 25.
The full scale of the xenon MFC is three order of magnitude higher than
the MFR required during operation. Since the accuracy is given as percentage
of the full scale, the xenon MFR was not precisely controlled. This affected the
measurement during the cathode ignition, but not during nominal operation when
the argon gas was used.
The measurement accuracy of the argon MFR is nominally ±0.3 mg/s. There-
fore, the measurement error ranges from ±30% to ±6% with MFR from 1 to 5
mg/s. As reported in the table, the argon MFC has an high response time, but
this can be neglected when taking into consideration the total duration of the
test campaign.
Equipment Max MFR Response Time Repeatability Accuracy
[mg/s] [s] [%] [%]
Ar MFC 30 6 ±0.2 ±1
Xe MFC 2000 2 ±0.2 ±0.5
Table 4.3: Mass flow controllers parameters
The accuracy of the xenon MFC stated by Bronkhorst® is ±10 mg/s. This
means that the control of the xenon MFR was not accurate, since at the arc
ignition the MFR was set around 15 mg/s. The response time allowed to perform
the transition to argon gas effectively, thus avoiding to overload the cathode and
the vacuum chamber with high mass flow rate, and to expose the cathode to a
gas mixture for long time.
The mass flow rate data were post processed with the same method used for
the electrical parameters.
4.4.4 Set-up Temperature
The set-up temperatures were acquired by 9 K-type thermocouples, mounted in
different temperature reference points shown in Fig. 4.21.
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Three additional K-type thermocouples were used to monitor the temperature
of the pipes of the water cooling system. Two of them were placed at the interface
of the first and the second branch, and attached to the inlet and the outlet
PTFE® pipes. The third thermocouple was placed in correspondence with the
outlet pipe of the second branch, close to the chamber feed-through. These
temperatures provided an estimation of the thermal load drained by the water.
Thermocouple Number Location
1 Cathode Mounting Flange 1
2 Cathode Mounting Flange 2
3 Cathode PEEK®
4 Cathode Base Flange
5 Gas Connector
6 Water Pipes
7 Anode Mounting Flange
8 Anode PEEK®
9 Anode Base Flange
Figure 4.21: Set-up thermocouples location
The thermocouple number 5 was located on the PTFE® tube of the gas
feeding system, close to the gas connector. This temperature was monitored to
control the overheating of the PTFE®tube.
Thermocouple number 6 was located between the copper water pipes, at-
tached to the anode mounting flange, close to the anode.
Four thermocouples were dedicated to acquire the temperature of the PEEK®
insulating supports and of the base flanges of both cathode and anode supporting
structures.
The thermocouples placed on the electrically conductive parts of the set-up
were insulated with respect to the DAQ system, using opto-coupler modules. The
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introduction of the modules in the acquisition chain required a dedicated calibra-
tion. According to the calibration, the temperature measurement accuracy was
around ±20. Due to the high temperature reached by the set-up components,
the error in the recorded temperature at the thermal steady state was between
10% and 20% of the measurement. The thermocouples placed on the second
branch of the water cooling system and on electrically insulated components of
the set-up were affected by a standard error of ±2.
All thermocouples were fixed using vacuum compatible aluminium tape. Ther-
mocouple number six was broken after several hours of characterization test, while
the thermocouple number seven detached from the flange surface during the en-
durance test.
4.4.5 Cathode Temperature
The cathode surface temperature was measured using the DIAS® Pyrospot DSR
10N® bi-color optical pyrometer. The most relevant technical parameters are
reported in Tab. 4.4.
Parameter Unit Value
Temperature Range  900÷3000
Accuracy % ±0.5
Reproducibility % 0.2
Acquisition Frequency Hz 200
Spectral Range µm 0.7÷1.1
Table 4.4: DIAS® Pyrospot DSR 10-N® technical parameters
The bi-color technology paved the way for the low noise and the high accuracy
of the measurement. Moreover, it simplified the measurement operation, since
the pyrometer automatically subtracted from the measurement the wavelength
emitted by other (non-cathodic) surfaces framed in the optic visual field. There-
fore, the temperature acquired is the exact temperature of the cathode surface,
short of the measurement error.
The measurement accuracy is given with respect to the value instantaneously
measured, therefore the maximum error is around ±12 for a measured temper-
ature of 2400.
The pyrometer was mounted outside the vacuum chamber on a 1-axis slide
which permitted the temperature measurement along the cathode axis. In Fig. 4.22
the pyrometer mounted on the slide is shown. The slide was moved manually by
a precision screw and was mechanically aligned with respect to the axis of the
cathode. During operation, once the high current arc was established and the
thermal effects reached the steady state regime, the pyrometer was moved, start-
ing at the downstream tip of the cathode towards the upstream direction with 5
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mm-intervals (or 1 mm for fine mapping) to record axial temperature profiles.
Figure 4.22: Detail of pyrometer mounted on the 1-axis slide
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Figure 4.23: Cathode temperature measured at 100 A - 4 mg/s
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Figure 4.24: Cathode temperature along the axis at 100 A - 4 mg/s
The temperature curves recorded with this procedure show the typical be-
havior reported in Fig. 4.23. Each plateau is related to a cathode axial position,
in the reported curve at 5 mm of distance. The curve also highlights the cath-
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ode temperature stability during operation, which results in low values of the
standard deviations calculated averaging the temperature for each point.
The low values of the error bars of the average temperature data are high-
lighted in Fig. 4.24. The values are reported for each axial position. The discharge
current was characterized by slow variations due to the non-ideal current stabil-
ity of the power and to the non-linearity physical events. These instabilities are
accounted in the measurement error calculated by using the standard deviation
over the acquisition time interval.
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Figure 4.25: Pyrometer spot dimension
The pyrometer was equipped with a focusable optical system, which permitted
to focus on objects placed at a variable distance from the sensor. The focalization
of the cathode surface temperature was obtained manually, by operating the
pyrometer optical system. According to the optical system specification, the spot
measurement area was a function of the measurement distance. In Fig. 4.25 the
spot diameter is reported as a function of the measurement distance.
The pyrometer was placed outside the vacuum chamber at a distance of 650
mm from the cathode axis, which turns into a spot diameter of around 3.25 mm.
Hence, each value of the measured temperature reported in the next chapter
must be intended as the mean value of the temperature in the area of 3.25 mm
in diameter, centered on the measurement point.
The pyrometer was mounted in correspondence of a dedicate view-port (VACOM®
ISOVPZ160TCRSV), selected according to the temperature measurement range.
The wavelength value of the thermal radiation emitted from the cathode surface
was calculated using the Wien’s displacement law:
λmax =
b
T
(4.7)
where b is the Wien’s displacement constant, T is the absolute temperature and
λmax is the peak wavelength. According to equation 4.7, the radiations emitted at
1000 and 3000 are respectively around 2.9 µm and 0.9 µm. These inputs were
used to evaluate the transmission curves of several view-ports; as a consequence,
the Borofloat® material was selected.
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Fig. 4.26 reports the transmission curve of the view-port used. The curve
encompasses the 0.9 µm wavelength relative to high temperature, while radiation
higher than 2.9 µm are cut. The view-port spectrum was capable to fulfill the
measurement range requirement, thus the view-port was mounted on the vacuum
chamber.
Figure 4.26: Borofloat® transmission curve
4.4.6 Cathode Weight
The cathode erosion rate during the endurance test was assessed by measuring the
cathode weight before and after the test. Due to the cathode low weight (around
500 g) and to the high accuracy needed for the measurement, the METTLER-
TOLEDO® WM503-L22 high-precision balance was used. The technical param-
eters of the balance at the ambient temperature of 25 are reported in Tab. 4.5.
Parameter Unit Value
Maximum Capacity g 510
Accuracy % ±0.001
Readability g 0.001
Repeatability g 0.001
Linearity g ±0.002
Table 4.5: METTLER-TOLEDO® balance technical parameters
The display readability of 1 mg and the accuracy of ±5 mg over the full scale
range guaranteed a high precision in the mass measurement. Moreover, the bal-
ance was internally self-calibrated before each measurement operation.
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4.4.7 DAQ System
The DAQ system was controlled by two computers which ran independently but
with synchronized clocks to allow the common reference to time tagged events.
Fig. 4.27 presents the DAQ system and the hardware used. The opto-coupler
DATAFORTH® 8B50/51 modules used to electrically insulate the thermocouples
are included in the diagram.
The first computer was connected to the pyrometer via RS-485 interface.
The data acquired by the pyrometer were transferred and graphically displayed
in real time on the computer screen using an off-the-shelf software provided by
the pyrometer supplier. The software was also used to store the data in standard
text format files.
 
Figure 4.27: Schematic of the DAQ system
The second computer was equipped with National Instruments® PCI-6527
and PCI-6071 boards, respectively connected to the gas solenoid valves and to
the SCXI-1000 and the SCB-100 terminal boxes. The former board was used to
control the solenoid valves, while the latter was used to acquire the set-up tem-
peratures and the electrical parameters and to manage the mass flow controllers.
In Tab. 4.6 the technical parameters of the PCI-6071 board are reported.
The technical specifications of the PCI-6527 are typical of this class of digital
I/O acquisition systems, therefore they are not discussed here.
Channel Type Resolution [bits] Sample Rate [MS/s] Accuracy [mV]
Analog Input 12 1.25 0.091
Analog Output 12 1 5.685
Table 4.6: PCI-6071 technical parameters
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As can be noted in the table, with a channel full scale range between 0÷5V,
the high accuracy of the hardware caused an error in the measurement and in
the control less than 0.5%. This error can be neglected in the error analysis.
All the data acquired by the National Instruments® hardware were handled
and recorded by a LabView® software specifically designed for the test campaign.
The control software displayed in real time all the data acquired by the sensing
probes, in numerical and in graphical format. It permitted to store the data in
Excel® format files. The mass flow rate was controlled via software, while the
electrical parameters were set manually on the power supplies.
In Fig. 4.28 the layout of the acquisition software is shown. In the screen (a)
the set-up temperatures are displayed. Two safety alarms linked to the PEEK®
support temperatures are automatically activated when the temperature values
exceed a certain limit.
 
(a) Set-up temperatures
 
(b) Mass flow controllers
 
(c) Electrical parameters
 
(d) Channels settings
Figure 4.28: Software layout
The temperature of the water cooling system and the controls of the mass flow
rates are placed in the screen (b). It is possible to activate the gas solenoid valves
and to choose between two different argon mass flow controllers (this option was
used during the early tuning phases of the set-up, but it is not described in the
current work).
The electrical parameters are displayed in screen (c), while in screen (d) the
channel settings and the data files controls are located. In this screen the acqui-
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sition frequency can be modified and the cumulated cathode lifetime is counted.
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Chapter 5
Experimental Results
The results and analyses of both MCHCs experiments are presented in this chap-
ter. The goal of the experimental campaigns was to evaluate the erosion effect
on the cathode performance, but important information was also gathered about
the cathode temperature profile along the axis, as well as the discharge voltage
and current. The analysis of the data recorded allows to understand the cath-
ode behaviour for different regimes of operations: the dependence of the cathode
voltage fall, the cathode surface temperature and plasma penetration depth on
the current and the mass flow rate.
5.1 Test Plan
The test campaign planned for both cathodes was divided in three phases: the
cathode arc characterization, the 100 hours endurance test and the post-test
characterization. The first phase was necessary to characterize the electrical be-
haviour of the arc and the temperature profile along the cathode axis. During
the second phase an endurance test of 100 hours was performed at fixed values
of current and mass flow rate. For logistic reasons, this phase was split in nine
sessions. The third phase started after the endurance test. The electrical char-
acteristic and the temperature profiles were recorded to assess the erosion effects
on the cathode performance.
As a matter of fact, the MCHC 1 underwent only the first test phase. As
it will be explained in the next section, it was broken before the start of the
endurance test. The MCHC 2 was subjected to a full test procedure.
Both cathodes were operated in current control mode, acting manually on
the HC power supply to set the desired value of current. The discharge voltage
adapted itself according to the arc load determined by the mass flow rate and
cathode geometry.
Before starting the nominal operation, a preliminary heating up phase of
about one hour at about 40 A with constant mass flow rate was operated in
order to set the cathode at a thermal steady state regime. Then, the nominal
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operations were performed, i.e. the characterization tests or the sessions of the
endurance test. Finally, after the shut down of the power supply, argon gas was
flowed for about one hour, to force the cooling of the cathode, thereby limiting
oxygen contamination of tungsten at high temperature.[49] Fig. 5.1 gives an
overview of the electrical parameters, the mass flow rate, the cathode surface
temperature and set-up temperatures during the discharge ignition.
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Figure 5.1: Electrical parameters during the ignition
At the very beginning of the operation, the potential difference between the
electrodes was set at 500 V using the HV power supply. The electric discharge
was established once the xenon gas was flowed through the cathode. The decrease
in the arc impedance allowed to switch to the HC power supply, which provided
the necessary high current at lower voltage. In Fig. 5.1 it can be seen that the high
voltage was applied several times before reaching a stable continuous operation:
during these ignition attempts, the cathode operated in the diffuse mode and
the conditions to switch to the spot mode did not occur.[39], [41] When the arc
discharge voltage decreased below 70 V, the HC power supply was able to sustain
the electric load and the HV power supply was turned off. During the operation
pictured in the figure, the discharge current was set at 34 A for about one hour.
Afterwards the planned nominal operation started.
The mass flow rate behaviour during the ignition is pointed out in Fig. 5.2.
The xenon mass flow rate is correlated with HV operation, while the switch to
argon gas was operated a few minutes after the establishment of the high current
discharge. As clearly indicated, the xenon mass flow rate was not controlled with
precision at the very beginning of the ignition. As soon as the cathode operation
entered the spot mode, the xenon mass flow rate was gradually reduced until
the argon gas was used solely. Then, the argon mass flow rate was adjusted
according to the planned operations. In the same figure, the chamber pressure
curve spreads over high values during the ignition attempts, but becomes stable
afterwards, even if operating with a gas mixture at high mass flow rate.
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The cathode tip temperature during the ignition can be read off in Fig. 5.3. A
few seconds after the ignition, the cathode external surface reached a temperature
of about 2000.
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Figure 5.2: Mass flow rate during the ignition
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Figure 5.3: Cathode tip temperature during the ignition
As discussed later, the temperature variation is mainly a function of the dis-
charge current. It slightly depends on the mass flow rate only at high discharge
current. Both conditions have been observed with the same response time of the
order of one minute.
Fig. 5.4 shows the set-up temperatures during the ignition. The spikes recorded
in all temperature signals are the result of interferences caused at the discharge
establishment using the HV power supply. The change in the curves slope ties
with the heat flow (∂T/∂t) and is caused by a modification of the cathode op-
erative conditions, i.e. an increase of the discharge power as highlighted in the
figure.
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Figure 5.4: Set-up temperatures during the ignition
5.1.1 Multi-Channel Hollow Cathode 1
The MCHC 1 underwent 177 ignitions, accumulated 30 operating hours and was
fed with 251 g of argon and 47 g of xenon. The operating conditions of the
MCHC 1 that were investigated during the characterization test are summarized
in Tab. 5.1.
Mass Flow Rate [mg/s]
Discharge Current [A] 1 2 3 4 5
20 - X X - -
35 X X X X X
40 X X X X X
70 X X X X X
100 - X X X X
130 X X X X X
150 - X X X X
160 - - X - X
Table 5.1: MCHC 1 operational points
The characterization test allowed to plot the electrical characteristic of the
vacuum arc. Moreover, the temperature measurement was performed for each
point of the electrical characteristic. The test results are reported in the next
sections.
After the characterization test, the vacuum chamber was opened to permit
the set-up inspection before the endurance test. During the inspection of the
cathode assembly, the gas connector was found not tightened to the cathode
holder. Most probably, the cathode was subjected to thermal cycles that caused
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the slow unscrewing of the gas connector during the operation. Furthermore, the
gas connector was partially seized up, allowing only a 45◦-arc unscrewing, while
the cathode holder was seized up with the cathode mounting interface. The
seizing between the components was considered to be caused by the continuous
friction between the threading surfaces, that was induced by the cycling thermal
deformation during operation. Finally, during an attempt to dismount the gas
connector, the cathode was broken and the cathode mounting interface damaged.
The damages of the gas connector thread (a), of the cathode mounting inter-
face (b) and of the cathode itself (c) are shown in Fig. 5.5.
(a) Gas connector (b) Mounting interface
(c) Cathode holder
Figure 5.5: MCHC 1 after failure
5.1.2 Multi-Channel Hollow Cathode 2
The MCHC 2 underwent a full test campaign, the vacuum arc was characterized
before and after the endurance test. 103 ignitions were performed, for a total of
140 hours, with a propellant consumption of 1.2 kg of argon and 1 kg of xenon.
Tab. 5.2 reports the operative conditions investigated during the first charac-
terization test. At each operative point, the temperature profile along the cath-
ode axis was recorded. Some current values were not investigated in all mass flow
rate ranges, since the arc discharge showed instability and the setup temperatures
quickly increased. The results are reported in the next sections.
The endurance test was planned at a current value of 150 A and an argon
mass flow rate of 4.5 mg/s. These values were changed during the last sessions of
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the test because of a performance degradation of the cathode, as it can be seen
in Tab. 5.3.
Mass Flow Rate [mg/s]
Discharge Current [A] 1 2 3 4 5 6 7 8 9
20 X X X X - - - - -
35 - - X X X - - - -
40 X X X X X - - - -
70 X X X X X - - - -
100 X X X X - - - - -
130 X X X X X - - - -
150 - - X X X X X X X
160 - - X X X X X - -
Table 5.2: MCHC 2 characterization test 1
Averaged Values
Session Duration Current D-Voltage Cathode Tip MFR
N. [hr] [A] [V] Temp. [◦C] [mg/s]
1 11 150 22.5 - 4.5
2 10 150 23.7 2625 4.5
3 15 150 23.3 2607 4.5
4 17 150 23.4 2600 4.5
5 12 150 24 2604 4.5
6 11 124.7 23.9 2536 4.5
7 12 128 24.2 2530 5.2
8 7 130 22.5 2537 5.9
9 5 129 22.6 2530 5.9
Table 5.3: MCHC 2 endurance test
In order to continuously monitor the vacuum facility and the experiment, the
endurance test was divided in nine sessions. Each session was preceded by one
hour of stabilization at 40 A and was followed by one hour of argon gas flushing.
In Tab. 5.3 the electrical parameters, the cathode tip temperature and the
mass flow rate are reported as averaged values over each session duration. The
D-Voltage represents the potential difference between the electrodes, as it has
been described in the previous chapter. The cathode tip temperature was not
recorded during the first session, but the observed behaviour was similar to the
one recorded in the second session.
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In order to determine the effect of the erosion process on the cathode perfor-
mance, the endurance test was followed by a last characterization test. Due to
cathode malfunctions and a damage caused by the erosion process, only a few
operational points could be experimented. They are summarized in Tab. 5.4.
Mass Flow Rate [mg/s]
Discharge Current [A] 1 2 3 4 5
40 - X X X X
70 - X X X X
100 - - - X X
Table 5.4: MCHC 2 characterization test 2
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5.2 Multi-Channel Hollow Cathode 1 Results
5.2.1 Characterization
The V-I curves and the temperature profiles recorded during the characterization
phase are reported in this section.
Electrical Parameters
The electrical characteristic was assessed by investigating the operational points
in accordance to Tab. 5.1. The results are depicted in Fig. 5.6 and Fig. 5.7. The
results shown in the first figure were obtained by varying the current and keeping
the MFR at constant values, while the results portrayed in the latter figure were
obtained by varying the MFR and fixing the current at constant values.
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Figure 5.6: MCHC 1 - Electrical characteristic
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Figure 5.7: MCHC 1 - Voltage as a function of the MFR
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The electrical characteristic of the arc discharge appears very regular and is
typical for this class of devices.[4], [5], [7], [15], [50] The cathode seemed to operate
correctly in the spot mode, since the voltage decreased with respect to the cur-
rent in the high voltage zone of the electrical characteristic, while it increased
with respect to the current in the high current zone. In addition, from visual
observation, the plume was contained in a small volume of the vacuum chamber
close to the cathode exit cross section.
The electrical characteristic is strongly dependent on the current and slightly
dependent on the mass flow rate, as reported in Fig. 5.7. They can be attributed
to the varying length of the internal plasma column inside the cathode channel.
When the mass flow rate is high enough to shift the active zone at the tip of the
cathode, the cathode fall reaches a minimum; a further increase of the mass flow
rate does not yield any changes in the discharge voltage, given the fact that the
geometry is fixed.
An irregular behaviour can be observed for current values lower than 40 A
recorded at 1, 2 and 4 mg/s: these points were recorded during cathode malfunc-
tions.
The data shown in Fig. 5.8 confirmed, at least for a discharge current of 100 A,
the assumption made during the design phase, as the minimum discharge power
was requested during operation at 4 mg/s. This is in accordance with results
found in previous works.[51] It means that in these conditions, the discharge
efficiency has a maximum.
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Figure 5.8: MCHC 1 - Discharge power as a function of the MFR
The maximum power recorded is 4.3 kW at 130 A and a mass flow rate of 1
mg/s. In this condition, the cathode showed instable operation with an abnormal
increase of the surface temperature.
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Temperature
Fig. 5.9 shows the data gathered from the temperature measurements along the
cathode axis. The results are presented for each value of current investigated,
parameterized with respect to the mass flow rate. The cathode exit cross section
is located at the cathode tip, i.e. the gas flows from right to left in the graphs
reported. The effects of the mass flow rate and discharge current on the cathode
temperature can be assessed.
1100
1300
1500
1700
1900
2100
0 10 20 30 40 50
Distance from tip [mm]
2 mg/s
3 mg/s
(a) I=20 A
1200
1400
1600
1800
2000
2200
2400
0 10 20 30 40 50
Distance from tip [mm]
2 mg/s
3 mg/s
4 mg/s
5 mg/s
(b) I=40 A
1200
1400
1600
1800
2000
2200
0 10 20 30 40 50
Distance from tip [mm]
1 mg/s
2 mg/s
3 mg/s
4 mg/s
5 mg/s
(c) I=70 A
1100
1300
1500
1700
1900
2100
2300
0 10 20 30 40 50
Distance from tip [mm]
2 mg/s
3 mg/s
4 mg/s
5 mg/s
(d) I=100 A
1200
1400
1600
1800
2000
2200
2400
2600
0 10 20 30 40 50
°
Distance from tip [mm]
1 mg/s
2 mg/s
3 mg/s
4 mg/s
5 mg/s
(e) I=130 A
1200
1400
1600
1800
2000
2200
2400
2600
0 10 20 30 40 50
°
Distance from tip [mm]
2 mg/s
3 mg/s
4 mg/s
5 mg/s
(f) I=150 A
Figure 5.9: MCHC 1 - Temperature
It was found that increasing the mass flow rate at current values above 100 A
leads to a decrease in the peak temperature, while at discharge currents below 100
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A, increasing the mass flow rate slightly increases the cathode temperature. This
is most probably related to the fact that, as observed with the second MCHC,
the ignition of all channels was obtained at 100 A. It can be deducted that the
thermionic cooling effect, mainly responsible of the cathode cooling over thermal
conduction, convection and radiation,[7] is higher when the discharge current is
above 100 A. Therefore, the decrease in the temperature can be coupled with
thermal convection when the mass flow rate is increased.
To explain this behaviour, the process in the IPC has to be investigated. As
introduced in Chapter 3, let us suppose that the transition between the single-
step and multi-step ionization process occurs around 100 A of discharge current.
At discharge current below 100 A, the multi-step ionization process dominates.
To keep the discharge current constant, an increase in the mass flow rate causes
a decrease of the sheath potential drop,[52] which results in lower plasma pene-
tration inside the hollow cavity. Since the ionization fraction, at low discharge
current, slightly increases when the mass flow rate is raised, it is possible that
the total energy delivered by ions to the cathode wall is higher. As a macro-
scopic consequence, the cathode surface temperature is higher (higher density of
electrons and ions[4]).
When the discharge current approaches 100 A, the hollow cathode effect has
to be considered. Under this hypothesis, the single-step ionization can take place.
High energy electrons are produced in the cathode sheath, causing the enhance-
ment of the ionization efficiency. In this regime, the voltage, the sheath potential
drop and therefore the plasma penetration lengths are nearly constant when the
mass flow rate or the discharge current are increased. Therefore, the energy de-
posited at the cathode wall remains nearly constant. This determines a more
effective convective cooling effect when the mass flow rate is increased.
At discharge currents of 20 and 40 A and a mass flow rate of 2 mg/s, the
peak temperature is located a few millimeters upstream from the cathode frontal
surface and corresponds to a current density peak. The existence of a maximum
in the wall temperature profile is the result of the heat transfer process in a
conducting, emissive material of cylindrical shape that helps the equipotential
surfaces to deform and penetrate the channel. This result indicates that when
the current and the mass flow rate are properly adjusted for a given cavity, a
major portion of the discharge prefers to run through the cavity interior instead
of the available external conducting surface.
It must be pointed out that for the majority of the curves reported, the
temperature peak is located in correspondence with the outer cross section. This
fact is in contrast to some results found in the literature,[1], [15] but in accordance
with others.[7], [8], [52] Even if it could be related to the measurement accuracy of
the pyrometer, as explained in Chapter 4, the data presented in the literature
show that the temperature peak is located between two and three times the
diameter dimension upstream of the exit cross section. This means that the
pyrometer accuracy should have been able to detect such temperature peak, the
average channel diameter being of 1.5 mm.
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The difference in the temperature profiles between MCHCs and SCHCs can
be explained by a qualitative analysis. MCHCs composed of rods have a hollow
cross section that is not divided into equal channels. Therefore, the conductances
of the channels are different one from the other. The presence of channels with
different conductances imposes an uneven division of the gas flow. Independent
active zones would tend to be formed simultaneously at different depths of the
cathode. Although good thermal coupling between the channels prevents large
temperature differences between adjacent channels, a slight smoothing of the tem-
perature curve with respect to SCHCs can be observed. In conclusion, it is the
inequality of the channels that leads to a more diffuse active zone, generating
a more uniform surface temperature along the cathode axis. Hence, the tem-
perature profiles reported in the present work are deemed to be not affected by
measurement inaccuracy.
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Figure 5.10: MCHC 1 - Temperature at fixed MFR
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Figure 5.11: MCHC 1 - Tip temperature
The results reported in Fig. 5.10 were collected at two values of mass flow rate
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for different discharge currents. As discussed in the last section of this chapter,
the dependence of the temperature on the current is assumed to be dominant
with respect to the effect of the mass flow rate. Indeed, the spread of the curves
over the whole length of the cathode is indeed more remarkable than what is
observed in Fig. 5.9.
Fig. 5.11 shows the wall temperature at the cathode exit section as a function
of the discharge current. The data taken at different mass flow rates extend over
each other, showing that the tip temperature slight depends on the penetration
length and mass flow rate.
The data gathered from the temperature measurements have been used to
draw the properties of the active zone internal to the cathode. In order to design
long lifetime capable cathodes, the understanding of the mechanisms controlling
the active zone is a key point: it is directly related to the peak temperature
and therefore to the evaporation rate. A small active zone requires high surface
current density, which in turn requires high cathode temperature. This results in
a fast erosion rate of the material. Moreover, from an efficiency standpoint, a high
temperature results in a high thermal energy lost to the system from radiation,
thus the thermodynamic equilibrium drives the active zone to the smallest area
possible.
In the following analysis, the active zone has been defined as the region of
the cathode wall material responsible for 75% of the total thermionic emission
of electrons from the cathode. Further, as this analysis was intended to yield
qualitative results, only emission from the external observation of the cathode
surface temperature was considered. This decision came from the lack of data
for the sheath drop profile along the cathode surface. The thermionic emission
from the cathode internal surface was calculated according to the Richardson
equation (Eq. 3.1). However, rather than including errors by attempting to make
predictions of the Shottkey effect, in the current analysis, only the thermionic
emission due to the surface temperature was considered. This means that the
actual width of the active zone is smaller than the results shown below.
The thermionic current at each data point was calculated from the measured
profiles of the cathode temperature. In Fig. 5.12, Fig. 5.13 and Fig. 5.14 the
thermionic current density is reported with respect to the distance from the tip
for a mass flow rate of 2, 4 and 5 mg/s. The curves are parametrized with respect
to the discharge current.
These curves have been used as input to a numerical calculation which inte-
grated over the profile the current density in order to determine the width of the
cathode material responsible for 75% of the total current emitted.
It can be noted that at 2 mg/s, the current density is an increasing function
of the discharge current. For higher values of the mass flow rate, the emitted
current is higher, with a minimum around 100 A. This behaviour has been already
observed in the temperature curves presented before and ties with the ionization
process inside the hollow cavity. The numerical results are in good agreement
with a similar analysis performed by Downey[10] on a single channel tantalum
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hollow cathode, 2 mm in diameter, from which this analysis has been derived.
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Figure 5.12: MCHC 1 - Thermionic current density MFR=2 mg/s
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Figure 5.13: MCHC 1 - Thermionic current density MFR=4 mg/s
Fig. 5.15 portrays the width of the active zone with respect to the discharge
current, for different values of mass flow rate. It can be noted that the width of
the active zone of the cathode is a function of both mass flow rate and discharge
current.
Reasonable trend lines show that the increase in the mass flow rate causes a
decrease of the width of the active zone, thus moving the arc attachment towards
the exit cross section of the cathode only at discharge currents lower than 100
A. At higher discharge currents, it can be noted that the active zone width is
nearly independent of the mass flow rate, since the adaptation to the discharge
requirements is led by the multi-step ionization process (as it has been explained
before).
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Figure 5.14: MCHC 1 - Thermionic current density MFR=5 mg/s
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Figure 5.15: MCHC 1 - Width of the active zone
5.2.2 Post Test Destructive Analysis
In multichannel hollow cathodes the number of ignited channels increases with
the discharge current,[1] thereby undergoing an automatic adaptation of the active
cathode cross section to the variable current levels.
Figure 5.16: MCHC 1 - Detail of the cathode tip
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(a) Before test (b) After test
Figure 5.17: MCHC 1 - Frontal surface
(a) External cylinder (b) Internal surface
(c) Internal surface (d) Rods pack
Figure 5.18: MCHC 1 - Destructive analysis
This effect is tied with the gas flow rate distribution among the channels: due
to the gas temperature gradient between active and inactive zones, the mass flow
rate is not equally divided per each channel.
During the test campaign it was noted that the arc attachment was mainly
concentrated at the top of the frontal surface, as shown in Fig. 5.16. In the same
figure the different thermal expansion of the rods and of the cathode cylinder can
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be noted.
After about 30 hours of cumulated operation, the frontal cross section shows
a remarkable asymmetric erosion, as shown in Fig. 5.17. In this figure, the frontal
surfaces are rotated of the same angle with respect to the cathode axis, i.e. each
point of the frontal surface in (a) has the same position than in (b). A high
erosion can be found where a wider open cross section was left between the rods.
This is probably due to concentrated arc attachments on a few channels, which,
as observed in the literature,[37] leads to high current density values.
The external surface of the cathode main tube showed evident traces of arc
spots, while the surface roughness of the frontal cross section was completely
modified after the test. It indicated where the arc attachment was mainly local-
ized. This means that the frontal surface of the cathode was involved during the
discharge process, and acted as an emitting surface.[53] Fig. 5.18 highlights this
fact and shows a few parts of the cathode after its rupture. The erosion craters
on the cathode frontal surface can be seen in (a) as well as a few traces of the
local arc attachment. The depth of the plasma penetration can be deduced from
(b) and (c): the sign of the total length of the rods is clearly visible as well as the
marks of the melted material in the zones of ion bombardment and ionization.
The plasma penetration depth has been estimated between 5 and 10 mm, around
5 times the average diameter of the channels, thus confirming the results of the
analysis of the active zone width. The same erosion marks can be seen on the
rods pack in (d), where a few rods that melted together are shown.
Finally, the full cathode working at a current level of 70 A, 3 mg/s is shown
in Fig. 5.19.
Figure 5.19: MCHC 1 - 70 A, 3 mg/s
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5.3 Multi-Channel Hollow Cathode 2 Results
5.3.1 Characterization
The V-I curves and the temperature profiles gathered during the first character-
ization phase are presented in the following sections.
Electrical Parameters
The operational points listed in Tab. 5.2 were investigated. First, the current
was varied, keeping the MFR at constant values. These results are reported in
Fig. 5.20. Then, the current was set at constant values while varying the MFR,
obtaining the curves shown in Fig. 5.21.
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Figure 5.20: MCHC 2 - Electrical characteristic
18
23
28
33
38
43
48
53
0 1 2 3 4 5 6 7 8 9 10
Mass Flow Rate [mg/s]
20 A
40 A
70 A
100 A
130 A
150 A
160 A
Figure 5.21: MCHC 2 - Voltage vs MFR
The analysis undertaken for the MCHC 1 can be extended to the MCHC 2.
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A general synthesis of the findings is provided in the last section of this chapter.
The cathode was tested at mass flow rates higher than 5 mg/s when operating
at discharge currents of 150 and 160 A. In Fig. 5.21, it can be noted that the
curves overlap each other for current values higher than 100 A. This behaviour
has already been observed in the MCHC 1: it is typical for this class of devices
at high discharge current and mass flow rate values.
A comparison between the electrical characteristics of both MCHCs is shown
in Fig. 5.22, for mass flow rates of 2 and 5 mg/s. The curves obtained at 2
mg/s are in good agreement, showing a maximum potential difference of 10 V at
the maximum discharge current, while the curves gathered at 5 mg/s are nearly
overlapping and show a difference in the discharge voltage lower than 3 V.
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Figure 5.22: Electrical characteristics comparison
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Figure 5.23: MCHC 2 - Discharge power as a function of the MFR
The maximum discharge power measured during MCHC 2 operation is 4.6
kW at 100 A, 1 mg/s.
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Analysing the curves of the discharge power with respect to the mass flow
rate (cf. Fig. 5.23) reveals that the condition of maximum discharge efficiency is
found at operation with 100 A, 4 mg/s. No clear information can be obtained for
lower current operational ranges, while for discharge current higher than 100 A
the minimum power seems to be shifted at higher mass flow rates.
Fig. 5.24 assembles pictures of the cathode frontal surface for each value of
discharge current and mass flow rate investigated. The pictures were taken using a
Canon 500 camera that was placed on a fixed tripod outside the vacuum chamber,
in correspondence with a view-port mounted in front of the cathode’s frontal
surface. The camera was equipped with an optical filter to account for the high
brightness of the cathode surface and the pictures were taken with the same
opening time of the shutter.
The pictures give a qualitative information about the temperature distribution
over the cathode’s frontal surface and therefore about the active or non-active
channels. It can be noted that the brightness of the rods surface is higher at
the contours and decreases moving towards the center of the rods, while it varies
depending on the rod analysed. Therefore, the brighter contours are assumed to
be exposed to the high temperature plasma that flows in the channels where the
majority of the ionization process takes place, while a temperature gradient is
assumed towards the rods.
Against this background, the effect of the mass flow rate and current on the
temperature can be analysed. Moving along a raw from left to right, the dis-
charge current is fixed and the mass flow rate is increased. It can be noted that
the brightness has a slight change, meaning that the temperature remains basi-
cally at a constant value. Yet, the lit channels move, adapting automatically to
the variable current requirement and mass flow rate distribution in each channel.
The unequal gas temperature between the active channels and the remaining ones
causes a unevenly distribution of the mass flow rate among all the channels. Fur-
thermore, moving from left to right means to move on the electrical characteristic
towards lower values of voltage, thus fixing the current. Observing the pictures
taken at 130 A, the brightness and the ignited channels seem to slightly decrease
moving towards higher mass flow rate values. As discussed before, this can be
tied to the single-step ionization process and the higher convective cooling effect
of the neutrals.
Focusing on one column, moving from top to bottom, reveals that the mass
flow rate is fixed while the current is increased. The effect of the discharge current
on the temperature is quite clear, since the number of ignited channels and the
cathode surface temperature are strongly dependent on the current rather than
the mass flow rate. This finding is in line with the experimental results presented
in the next session, but not entirely congruent with results found in the litera-
ture.[10] Indeed, Downey, while referring to an experimental work from Tikhonov,
observed that at low discharge current, not all the channels are ignited, but only
the ones close to the center of the cathode cross section. This has not been ob-
served during the present work; the progressive ignition of the channels strongly
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depends on the discharge current and the ignited channels move by adapting
themselves to the mass flow rate requirement and the thermal conditions.
1 mg/s 2 mg/s 3 mg/s 4 mg/s 5 mg/s
Figure 5.24: MCHC 2 - Frontal Surface
It was possible to establish the discharge at very low current (10 A), but it
was not possible to ignite all the channels at discharge currents below 100 A.
This behaviour seems to be typical for MCHCs, although the cathode ignition
at very low currents has not been observed in the literature. In fact, Delcroix[15]
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noted a current limit of 60 A using an argon-fed MCHC with an external diam-
eter of 9 mm. He reported that the cathode could not be ignited at discharge
current lower than 60 A, but it could be operated in this range when the arc was
already established at higher currents. Babkin[4] found a similar behaviour with
a lithium-fed MCHC with an internal diameter of 12 mm, presenting a minimum
ignition threshold around 40 A.
Temperature
The temperature curves are reported in Fig. 5.25.
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Figure 5.25: MCHC 2 - Temperature
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The results are presented for each value of current investigated, parametrized
with respect to the mass flow rate. They are in good agreement with the curves
gathered with the MCHC 1.
The analysis conducted for the MCHC 1 is confirmed, since the mass flow
rate variation produces the same effects that were observed on the temperature of
MCHC1. However, it must be pointed out that the curves at 40 and 70 A are not
in agreement with this analysis. This kind of discrepancy in the experimental data
has already been observed in several experimental works found in the literature.
It is not necessarily related to cathode operation, but assumed to be linked to non-
nominal operation of the test item or of the acquisition system.[7], [36], [39], [51], [54]
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Figure 5.26: MCHC 2 - Temperature at fixed MFR
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Figure 5.27: MCHC 2 - Tip temperature
Similarly to the results found for the MCHC 1, the temperature curves have
the maximum in correspondence of the outer cross section. The related discussion
argued for the MCHC 1 is also valid in this place. The only temperature profile
having the maximum at a few millimeters upstream from the outer cross section
is reported in Fig. 5.25 (f) at 4 mg/s of mass flow rate.
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Fig. 5.26 collects the axial temperature profiles at two values of the mass flow
rate, parametrized with respect to the discharge current. Differently from the
MCHC 1, the spread of the curves is higher at all axial position, thereby reaching
a maximum value around 700. These results significantly highlight the strong
dependence of the surface temperature on the discharge current.
The tip temperature is reported in Fig. 5.27. The data recorded show that
the tip temperature is basically independent of the mass flow rate. Observing
the temperature values gathered at mass flow rates higher than 2 mg/s, the tip
temperature is suggested to reach an asymptotic value for discharge currents
higher than 120 A.
The overall electric and temperature results reported for both cathodes are
found in accordance between the two cathodes. This means that the cathode
geometry is not strongly affected during the production process and repeatability
of the experiments can be guaranteed during the testing activities.
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Figure 5.28: MCHC 2 - Thermionic current density MFR=2 mg/s
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Figure 5.29: MCHC 2 - Thermionic current density MFR=4 mg/s
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The analysis of the active zone width carried out with the MCHC 1 has been
repeated with the MCHC 2. The results are in line with the data gathered
from the MCHC 1, considering the incongruence recorded at 40 and 70 A. The
temperature profile recorded at 130 A and 5 mg/s is not considered to be reliable.
The thermionic current density calculated at mass flow rates of 2, 4 and 5
mg/s is shown in Fig. 5.28, Fig. 5.29 and Fig. 5.30. The curves are parametrized
for different values of discharge current.
The calculated values of thermionic current are slightly higher than the re-
sults of MCHC 1, but of the same order of magnitude and in accordance with
Downey.[10] This ties with the higher surface temperatures recorded with the
MCHC 2.
The calculated width of the active zone is reported in Fig. 5.31. The results
are in agreement with the MCHC 1, the active zone width is between 5 and 10
mm.
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Figure 5.30: MCHC 2 - Thermionic Current Density MFR=5 mg/s
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Figure 5.31: MCHC 2 - Width of the Active Zone
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5.3.2 Endurance Test
In this section the results of the endurance test that was performed with the
MCHC 2 will be discussed. As explained before, the test was divided in nine
sessions for logistical reasons (see also Tab. 5.3).
The electrical parameters, the mass flow rate and the chamber pressure, the
cathode and the set-up temperatures are reported with respect to the overall time
of the test from Fig. 5.32 to Fig. 5.35. The nine sessions can be distinguished by
the intervals during which the cathode was not operating.
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Figure 5.32: MCHC 2 Endurance test - Electrical parameters
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Figure 5.33: MCHC 2 Endurance test - MFR
The voltage spikes recorded at the beginning of each session are linked to
the ignition procedure used. Similarly, the effect of this procedure can be ob-
served in the mass flow rate behaviour, and consequently in the chamber pres-
sure curve. During operation, the chamber pressure was stable at values slightly
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below 10-3mbar. When the cathode was turned off, the chamber pressure sud-
denly dropped down about 10-6mbar and remained stable except during brief
self-cleaning operations of the cryo-pump which are not reported in the graph
(ten minutes maximum).
The cathode temperature during the first session was not recorded because of
a malfunction of the DAQ, but the manual acquisition performed indicates that
its trend was not different from that of the second session.
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Figure 5.34: MCHC 2 Endurance test - Cathode temperature
The spikes of the set-up temperatures recorded at the beginning of each ses-
sion are linked to the use of the HV power supply to ignite the cathode. The
interferences observed in the temperature signals disappeared only when the HC
power supply started operation and the HV power supply was turned off.
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Figure 5.35: MCHC 2 Endurance test - Set-up temperature
The arc discharge proved to be stable during the first half of the test, while
the effect of the cathode erosion began to be significant by the fifth session, thus
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causing an increase in the discharge voltage oscillation, as it is shown in Fig. 5.36
(a).
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Figure 5.36: MCHC 2 - Fifth session detail
This effect was coupled with the formation of plasma glows (not characterized
during the test) in proximity to the mounting flanges. It resulted in an anomalous
increase in the temperatures measured by the set-up thermocouples. In Fig. 5.36
(b), the set-up temperatures are shown during session five, while the plasma glows
observed between the mounting flanges and behind the anode mounting flange
can be seen in Fig. 5.37.
(a) Glow between the
mounting flanges
(b) Anode glow
Figure 5.37: MCHC 2 - Plasma glow
Therefore, to prevent the damage of the set-up, during the sixth session,
the discharge current was decreased from 150 A to 130 A, as it is reported in
Fig. 5.36 (a). Moreover, during the seventh session, the discharge current was
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further decreased to 110 A in order to completely extinguish the glow. This
procedure is addressed in Fig. 5.38 (a).
This anomaly was probably caused by gas leakage due to a slight unscrewing
of the cathode gas connector from its housing, that was subjected to the thermal
cycles introduced by the test strategy adopted. This event was assumed to be
the cause of a local pressure increase between the mounting flanges, causing the
formation of the undesirable discharge.
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Figure 5.38: MCHC 2 - Seventh, eighth, ninth session detail
The effect of the erosion on the cathode performance became visible during
the seventh session, when the glow was extinguished and the discharge current
was set to 130 A. As a matter of fact, in order to continue the test at a constant
discharge current value, from the seventh session to the end of the test, the mass
flow rate was increased to 5.2 mg/s and later to 5.9 mg/s. This is highlighted in
Fig. 5.38 (b).
At the end of the last session, a blackout occurred in the laboratory. It caused
the switching off of the pumping system and of the cathode power supply and
feeding system. Despite the software protections acted nominally, the chamber
pressure raised up around 10-2mbar. This can be observed in the electrical param-
eters, mass flow rate and chamber pressure reported in Fig. 5.38. Nevertheless,
the electric power was regained in short time and the test was completed.
Fig. 5.39 reports the pictures of the cathode frontal surface taken during the
test. The pictures are sorted in nine raws, each raw contains the images related
to one session, taken at the time interval reported in the raw label, e.g. the raw
number five (session five) contains pictures taken at two hours interval. The first
picture of each raw was taken as soon as the nominal discharge current value
foreseen by the test procedure was reached (i.e. 150 A or 130 A).
After the first session, the frontal surface was subjected to a slight shape
change, since several rods were melted together. Subsequently, during the second
session, a brighter zone at the top of the frontal surface appeared, linked to the
formation of a cavity placed in correspondence with the non-conformity reported
after the cathode assembly process (cf. Fig. 5.40 (a)).
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Figure 5.39: MCHC 2 Endurance test - Frontal surface
The surface planar discontinuity seems to have favored the local arc attach-
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ment, thereby causing an increase of the local temperature and of the erosion
during the cathode ignition.
From the last four hours of session five (around 60 hours of lifetime) onwards,
the increase in the cavity dimensions along the cathode axis was enough to create
a full channel between the rods (the dark spot in the bright cavity). It was
clear from visual observation (cf. Fig. 5.40 (b)) that the main effect of the non-
conformity was the local increase of the erosion rate. This slow and continuous
process led to the formation of a channel of 3 mm of diameter, that created a
non-homogeneous distribution of the mass flow rate.
Simultaneously, as soon as the eroded channel increased its diameter, the
cavity appeared brighter, while the surrounding cathode frontal surface became
darker: a progressive switching off of the channels took place and the arc discharge
self-adapted to the new mass flow rate distribution. Therefore, in order to keep
the current constant when the open cross section widened, the mass flow rate was
increased until the end of test.
(a) Before the test (b) After 64.5 hr
(c) After the test (d) After the test
Figure 5.40: MCHC 2 - Erosion of the cathode frontal surface
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At the end of the post test characterization, which will be described in the
next section, the chamber was opened and the cathode surface was analysed.
In Fig. 5.40 the erosion effect on the frontal surface between almost mid-life and
end-of-life can be compared with respect to the BoL condition. The cavity caused
by the erosion process is clearly visible and the full channel through it can be
noted (luminous hole in the back of the rods pack).
After 100 hours of operation, the cathode frontal surface in correspondence
with the external cylinder was completely covered by micro-protrusions. These
craters traces are deemed to be generated during the explosive electron emission
at the ignition of the discharge, when the high voltage was applied and the cath-
ode operated basically in field emission regime at low temperature.[37], [55] This
is in accordance with the MCHC 1 findings and means that the external sur-
face acted as an electron source. Evident signs of micro-protrusions have been
found on the internal surface of the cavity formed at the top of the frontal sur-
face. During the cathode aging, the field emission process (and the arc spots)
at the discharge ignition was concentrated in this zone, where geometrical dis-
continuities were definite. It is suggested that the frontal surface non-conformity
started a spiral process in which the geometrical discontinuity caused localized
arc attachments which produced more geometrical discontinuities. The rods and
the melted areas had a very smooth surface that can be linked to the cathode
operation in thermionic regime at high temperature.
The cavity was 3 mm in diameter and extended along the cathode axis up to
10 mm, where the diameter was reduced. However a smaller channel continued up
to the end of the rods pack. In Fig. 5.41 (b) it can be noted that in correspondence
of the cavity one rod is missing (35 rods instead of 36).
(a) After the test (b) Rods Back Surface after the test
Figure 5.41: MCHC 2 - Erosion of the cathode surface
From the visual observation of the cathode’s frontal surface during operation
it seems that the majority of the ionization process was located inside the cavity.
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This was also noted when observing the plasma jet as shown in Fig. 5.42. More-
over, it was confirmed by the data gathered during the last characterization test
reported in the next section.
Figure 5.42: MCHC 2 Endurance test - 100 hr, 130 A, 5.9 mg/s
5.3.3 Post Test Characterization
In order to determine the effect of the erosion process on the cathode performance,
the endurance test was followed by a last characterization test. The results are
reported in the next sub-sessions.
Electrical Parameters
As a consequence of the cavity formed on the frontal surface, at mass flow rates
lower than 3 mg/s, it was not possible to operate the cathode at discharge currents
higher than 70 A. For mass flow rates higher than 3 mg/s, at current values
higher than 100 A, anomalous temperature raising or high voltage oscillations
were observed, hampering the continuation of the test. The investigated points
are reported in Tab. 5.4, while the electrical characteristic is shown in Fig. 5.43.
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Figure 5.43: MCHC 2 Post endurance - Electrical characteristic
The results were collected keeping the mass flow rate at constant values while
varying the discharge current. The electrical characteristic clearly points out the
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effect of the erosion on the cathode performance, being impossible to reproduce
the operating condition recorded at the BoL.
The comparison between the electrical characteristics obtained at BoL and
EoL is shown in Fig. 5.44. The data gathered allow to compare only small parts
of the curves. At all mass flow rates it can be noted that the results are not in
agreement. Moreover, at discharge currents below 100 A, the voltage recorded
at BoL is higher than that gathered at EoL, while this is reversed at 100 A. It is
deemed that the surface geometry alteration forced the cathode to operate as a
single channel hollow cathode, thus highlighting the differences in the electrical
characteristics typical for these devices.[1], [7] Anyway, it must be pointed out that
this analysis is not supported by a huge number of experimental data.
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Figure 5.44: MCHC 2 Post endurance - Electrical characteristic comparison
Temperature
From the visual observation of the cathode, it was clear that not all the channels
were ignited and the active zone moved inside the cathode, in the proximity of
the largest cavity. This was confirmed by all temperature measurements, since
the maximum in the temperature profile was located around 5 mm from the
downstream cross section along the cathode axis.
The temperature curves are reported in Fig. 5.45 and compared to the results
gathered at BoL. The curves at BoL and EoL differ in the maximum temperature
values, in their shape and strongly in their spread over the cathode length at
different mass flow rates. In addition, it is noted that changing the mass flow
rate at a fixed current does not produce any change in the temperature value,
contrary to what observed at BoL. This confirmed that the cathode geometry
was modified by the erosion process in a way that the cathode investigated after
the endurance test was different from the one at BoL.
The curves analysed in this sub-session are considered to be much similar
to single channel hollow cathodes.[1], [7], [51], [52] The axial temperature profiles at
two values of mass flow rate are reported in Fig. 5.46, parametrized with respect
to the discharge current. The dependence of the temperature on the discharge
current is highlighted and the spread of the curves on the temperature is nearly
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comparable to the one observed at BoL.
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Figure 5.45: MCHC 2 Post endurance - Temperature
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Figure 5.46: MCHC 2 Post endurance - Temperature vs MFR
In Fig. 5.47 (a) the tip temperature as a function of the discharge current is
shown, while in (b) the values reported correspond to the maximum temperature
recorded. The data shown are parametrized with respect to the mass flow rate.
The curves are basically overlapping, showing that the tip temperature and the
maximum temperature are independent on the penetration length and mass flow
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rate. Moreover, the curves are linear in the discharge current, thus showing a
different behaviour with respect to the curves gathered at BoL.
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Figure 5.47: MCHC 2 Post endurance - Tip temperature
Assessment of the Erosion Rate
The cathode material is the feedstock material for the cathodic arc plasma, there-
fore as the cathode arc is burning, the cathode loses mass. Cathode erosion is
comprised of three components: material leaving the cathode surface region as
ions, neutral vapor, and macroparticles. It is typically expressed as mass loss per
charge, most often determined by the weighing method, which implies that the
mass of the cathode is carefully measured before and after arc operation, and the
charge transferred is determined by measuring arc current and arc duration.
This method does not provide any information about the physical process
involved, i.e. mass loss as ion, neutral or macroparticle loss. Furthermore, it
should be noted that while this definition of erosion is common, it is not the best
approach from a physical point of view. Indeed, the normalization to the ratio
mass loss on charge transferred is accurate if the differences in arc voltage are
relatively small when the material or discharge condition change. Nevertheless,
the weigh approach was used in this study.
At the end of the test, the cathode was dismounted from the setup and
weighed. The measured cathode mass difference between BoL and EoL was 2.321
g (meroded). The erosion rate (∆m) was calculated dividing the test campaign
into twelve sessions. Ten sessions were taken according to Tab. 5.3: one additional
session was introduced to cover the characterization tests for which 20 hours of
operation at 65 A have been considered:
∆m =
meroded∑10
n=1 Intn
(5.1)
the factor n varies with the number of sessions, In is the discharge current aver-
aged over each session and tn is the session duration. The calculated erosion rate
is 41 ng/C.
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The calculated value is higher than the 0.1 ng/C requirement that in the
literature is suggested to be reasonable for steady-state long life operation for
MPD thrusters.[38], [56] Nevertheless, the high erosion rate found after the test
campaign was calculated without considering the erosion effect because of the
103 ignition cycles.
The discharge current averaged over the whole test campaign is 129 A, which
leads to an average current density of 7.4 A/mm2.
5.4 Summary of Results
The experimental measurements and data post processing determined the depen-
dence of plasma penetration depth and potential difference at the cathode tip on
current and mass flow rate. The experimental results show the following findings:
1. Cathode Voltage.
The cathode voltage drops when the discharge current is increased. This
is clearly identified in the electrical characteristics recorded for both cath-
odes. For discharge current above 100 A (5.7 A/mm2), the voltage is nearly
constant when the discharge current is varied.
The cathode voltage is weakly dependent on the mass flow rate. The results
of the first cathode show a decrease around 20% of discharge voltage with
an increase in the mass flow rate of 400%. The second cathode shows a
reduction around 30% of discharge voltage with an increase in mass flow
rate of 400%. Moreover, at a fixed current, the discharge voltage has a
minimum at a definite mass flow rate.
2. Discharge Power.
The total power of the cathode discharge is mainly dependent on the dis-
charge current and weakly dependent on the mass flow rate.
The discharge power is an increasing function of the discharge current. At
fixed mass flow rate, higher currents consumed more power. This depen-
dence is nearly linear.
For the majority of the data the power is a decreasing function of the mass
flow rate. Nevertheless, at certain discharge currents, it is a function of the
mass flow rate with a minimum which identifies the condition where the
discharge efficiency has a maximum.
3. Cathode peak temperature.
The surface temperature is slightly dependent on the mass flow rate and on
the discharge current.
For a discharge current below 100 A (current density below 5.7 A/mm2),
an increase in the mass flow rate of 400% leads to a decrease in the cathode
tip temperature of 2%.
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For higher discharge current values, 400% of increase in the mass flow rate
produces a decrease in the tip temperature up to 20%.
Considering the data at mass flow rate of 3 mg/s, 700% of increase in the
discharge current causes an increase in the tip temperature around 30%.
This is observed with both MCHCs.
4. Location of Peak Temperature.
In the present study, it is not possible to clearly conclude on the variation
of the location of the maximum surface temperature. Indeed, the mea-
surement performed on the cathode external surface is the result of the
temperature peaks of each channel. Therefore, no useful information can
be gathered on the dependence of the position of the temperature peak on
the mass flow rate.
5. Active Zone.
The active zone has been calculated as the surface of the cathode emitting
75% of the total thermionic current. This calculation is the result of the
superimposition of all the active zones of the channels inside the cathode.
The active zone width increases when the mass flow rate is reduced.
At discharge currents lower than 100 A, raising the current causes an in-
crease in the active zone length.
At discharge current higher than 100 A, the dependence is reversed.
6. Channels ignition.
The number of channels ignited is dependent on the discharge current.
Keeping the mass flow rate constant, at low discharge current, few channels
are ignited; increasing the discharge current causes the ignition of more
channels.
At constant discharge current, the variation in the mass flow rate value
causes the relocation of the ignited channels. The mass flow rate seems to
have not a repeatable relation with the location of the ignited channels on
the cathode cross section. Indeed, it was observed that the ignited channels
moved at low discharge currents even when keeping the mass flow rate and
the current constant.
The ignition of all the channels was observed at a discharge current of 100
A.
7. The cathode was tested at an average current density of 7.4 A/mm2, al-
though a good compromise between a good operating temperature and a
fair lifetime is indicated in the literature[15] at the value of 5 A/mm2.
Chapter 6
Theoretical Models
The theoretical model that was developed in course of the experimental campaign
is described in this chapter. The theoretical approach is based on the single chan-
nel hollow cathode physics, adapted to the multichannel hollow configuration. It
requires as inputs the discharge current and the electron temperature at the cath-
ode exit cross section. It is capable to predict the cathode surface temperature,
the electron temperature, the surface current density and the cathode voltage
and the electric field as functions of the cathode axis. Moreover, it calculates the
erosion rate of the cathode material. Results are presented and compared to the
experimental data gathered during the research activity.
In addition, the theoretical model developed by the RIAME-MAI for MCHCs
is detailed; the model is validated against the experimental results gathered from
the test campaign. The numerical model is designed to describe the geometry of
the MCHC, by modelling each channel as a SCHC and coupling each adjacent
channel with thermal conduction. It is capable to predict the measurable prop-
erties of the plasma, the cathode surface temperature and the cathode erosion
rate.
6.1 Hollow Cathode Theoretical Model
The theoretical model is based on the theoretical approach from Compton[57]
and Kennedy.[19] It was adapted to MCHCs and implemented to calculate the
cathode erosion rate. It was developed in course of the experimental campaign.
Although it needs further improvements, the model represents a base from which
a more detailed model can be generated.
6.1.1 Main Assumptions and Hypotheses
The numerical model is mono-dimensional and assumes that the arc thickness
is of the order of magnitude of the cathode radius. The ionization process is
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mainly driven by electrons in the plasma with energy according to the Maxwell
distribution. Only single-charged ions are taken into account.
The particle fluxes Γ considered between the plasma and cathode wall are
shown in Fig. 6.1. The subscripts i, e and n refer to ions, electrons and neutral
atoms; the sheath is modelled as non-collisional. The electrons are thermionically
emitted from the cathode surface and enter the plasma after being accelerated
through the sheath. Ions produced during ionization leave the plasma and are ac-
celerated through the sheath toward the cathode surface. At the cathode surface,
kinetic and potential energies of ions are deposited; after that they recombine with
electrons and drift away as neutrals.
Figure 6.1: Particle fluxes
The ionization takes place only in the bulk plasma, therefore the fluxes are
considered constant through the sheath and the pre-sheath.
The theoretical model suits the single channel hollow cathode configuration.
The approximation of multichannel hollow cathode is obtained according to the
Delcroix approach.[1] It was found that the comparison of the gas flow conditions
between a SCHC and a MCHC with equal area of the hollow cross section shows
that the latter presents a steeper gradient of the neutral gas pressure for the same
total gas flow rate. Therefore, considering that the active zone in the cathode
channel occurs for a fixed value of the neutral gas pressure, it is possible to assess
the length of the internal plasma column in a MCHC. The relation between the
IPC length of a MCHC (ln) for a cathode with nc elementary channels and the
IPC length (l1) for the SCHC with equivalent cross section, is given by:
ln
l1
=
1/nc + (10.9/
√
nc(λmfp/d1))
1 + 10.9(λmfp/d1)
(6.1)
where d1 is the external diameter and λmfp is the mean free path of the neutral
atoms according to:
λmfp =
kbTwall√
2piped2gas
(6.2)
with Twall cathode surface temperature, pe gas pressure at the exit cross section
and dgas atomic diameter of the gas. It must be pointed out that the length of the
IPC in a SCHC is around 3÷5 times the external diameter, while the pressure at
the exit cross section for a cathode working in nominal regime is around 1÷3 mbar.
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6.1.2 Energy Balance
The energies carried by each particle species are shown in Fig. 6.2. Electrons
are emitted from the cathode surface with an energy equal to the material work
function (Φ). They cross the sheath and reach the plasma with an increase of
energy gathered by the sheath voltage drop (V ). The electron current density is
je. Neglecting the Bohm velocity, ions leave the plasma towards the sheath with
potential energy iz. This is equal to the ionization energy. The ionic current
density is ji. In the sheath the kinetic energy of the ions is increased by the
voltage drop (V ); they reach the cathode surface with energy ji(iz + V ). At
the cathode surface, the ions heat the wall and recombine with electrons drifting
away as neutrals with potential energy equal to the work function.
Figure 6.2: Energy fluxes
Assuming that no net power is transferred to and from the surface, the power
density flux balance in the volume that is bounded by two equipotential surfaces
between the plasma and the cathode surface can be written as:
ji(iz + V ) + je(Φ + V ) = jiΦ + jeΦ + jiiz (6.3)
with ji and je ionic and electron current densities, iz ionization energy. There-
fore, at the cathode surface, the power density flux balance is:
ji(iz + V ) = (ji + je)Φ = jΦ (6.4)
where j is the total current density.
The net power density flux transferred to the plasma is:
Π = j(Φ− V ) (6.5)
where the energy of the electrons has being approximated to the only kinetic
energy gathered in the sheath jeV . The term linked to the material work function
jeΦ has been neglected. The total power balance at the cathode can be written
as:
P = I0V0 = I0Φ + Iee + Ploss ' I0Φ + I0e + I0˜L (6.6)
where e is the electrons kinetic energy and ˜L is the energy loss per electron-ion
pair created during ionization per unit current. I0 and V0 are the discharge current
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and voltage, while the term I0Φ represents the power needed to emit electrons
from the cathode surface and Iee the power needed to heat the electrons in the
plasma. The current is assumed to be carried by electrons. Therefore:
V0 = Φ +
3
2
Te + ˜L (6.7)
where the electrons kinetic energy e has been expressed as a function of the
electron temperature Te.
In order to find the energy loss per unit current ˜L, the dominant processes
for energy losses in the plasma discharge have to be considered. The energy loss
C per electron-ion pair created during ionization has been taken according to
Lieberman:[58]
KizC = Kiziz +Kexex +Kel
3me
mi
Te (6.8)
where α are energy losses per collision for ionization (iz ), excitation of neutrals
(ex ) and elastic scattering against neutral atoms (el). Kα are reaction rates
approximated to:
Kiz ' Kiz0e−iz/Te ; Kiz0 ' 5× 10−14m3/s ; (6.9)
and
Kel ' Kel0 ' 10−13m3/s (6.10)
The local collisional loss per unit surface area can be written as:
ploss = nin0KizC
r
2
= jL (6.11)
where r is the cathode radius and L the energy loss per current density per unit
surface. ni and n0 are ions and neutrals number densities. Thus:
L =
nin0KizC
2j
(6.12)
It can be assumed that ions at the sheath edge approach the sheath at the Bohm
velocity; hence the number density is:
ni = exp
1
2
Φ
V + iz
j
vBe
; vB =
√
γkBTe ; (6.13)
with γ ratio of specific heats. Replacing for ni in 6.12 and for the energy loss
term from 6.8, it can be written:
L =
Φ
V + iz
exp 12n0r
2vB
Kiz(C − iz) (6.14)
where the energy loss due to ionization has been neglected since it is included
in a separate term in 6.4. The energy loss per electron-ion pair created per unit
current can be calculated over the cathode length L:
˜L =
2pir
I0
∫ L
0
jL dx (6.15)
It should be emphasized that the quantities jα, L, C , Te, nα, V and I are func-
tions of the cathode length.
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6.1.3 Cathode Balance
When considering a mono-dimensional arc of plasma of length dx (Fig. 6.3), the
current balance between x and x+dx reveals that the cathode current I changes
of the quantity:
dI
dx
= 2pirj (6.16)
with r cathode radius and j cathode surface current density. The x axis is oriented
toward the downstream end of the cathode.
Figure 6.3: Current balance
The power balance for the energy fluxes can be written in a similar way.
With reference to Fig. 6.4, let P be the power entering the control volume at x,
ps the power per unit area transferred to the plasma through the sheath, ploss the
power per unit area lost by the plasma to the surroundings. Let P be positive if
representing energy flow from smaller to larger x, it can be written:
dP
dx
= (ps − ploss)2pir + IE (6.17)
where E is the axial electric field in the plasma and the product I E represents
the Joule heating.
Figure 6.4: Power balance
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Assuming that the electron temperature is higher than the ions and neutrals
temperatures (Te > Ti > Tn), and assuming that the current is mostly carried by
electrons, the power flow through the cathode cross section is:
P (x) = (
3
2
kBTe)neuepir
2 ' −3
2
ITe (6.18)
where ue is the electron axial velocity, the Boltzmann constant and the electron
charge have been elided being the units in eV. Substituting 6.18, 6.5 and 6.11
into 6.17:
d
dx
(−3
2
ITe) = j(V − Φ− L) + IE (6.19)
Expanding the left hand side and substituting equation 6.16,
−3
2
dTe
dx
= 2pir
j
I
(V − Φ− L − 3
2
Te) + E (6.20)
According to Spitzer,[59] the conductivity of the plasma is a function of the elec-
tron temperature:
I = σTT
3
2
e Epir
2 (6.21)
where σT is a constant with value 968.03 A(V meV )
−1. Differentiating equation
6.21 gives
2pir
j
I
= −3
2
dTe/dx
Te
(6.22)
Considering the potential field given by
V = V0 − Ex (6.23)
and substituting 6.22 into 6.20, it gives
dTe
dx
=
2
3
E
Te
˜L − L + 32(T0 − Te)− Ex− Te
(6.24)
where V0 is the discharge voltage and T0 is the electron temperature at the cath-
ode exit cross section. The cathode surface temperature is calculated by the
current density j using the Richardson equation 3.1.
6.1.4 Erosion Model
The cathode temperature Twall, the electron temperature Te and the cathode
voltage V , which is calculated as function of the cathode length, are used to
evaluate the cathode erosion rate.
The model does not consider the erosion caused by the cold ignition of the
cathode, i.e. when the cathode surface temperature is low and thermionic emis-
sion is not possible. Due to the ignition procedure adopted during the experi-
ments, the ignition phase has been dominated by localized melting of material
caused by intense electric field and high temperature. The ”hot spots” produced
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proved to be very dangerous for the cathode, damaging the surface with the
formation of craters as observed in Fig. 5.18. Although the endurance test was
characterized by several ignitions which make this phenomenon not fully negligi-
ble, this has not been modelled.
The main erosion processes that were considered are the evaporation and
material sputtering. The main process responsible for the erosion of the cathode
is evaporation due to high temperature of the material. The sputtering is caused
by ion impinging the cathode surface with enough energy to free atoms which are
expelled from the cathode channel via the plasma flow.
The evaporation process has been modelled according to Cassady.[7] The
mass flux per unit surface Jvp is given by:
Jvp =
(
MW /NA
2pikbTwall
) 1
2
pvp (6.25)
where pvp is the tungsten vapour pressure given by:
pvp = 10
(
− 42000
Twall
+0.146 lnTwall−0.16410−3Twall+9.84
)
(6.26)
The main difficulty in modelling the sputtering process is the evaluation of the
sputtering yield Ysp. Several empirical approaches can be found in the literature,
in which the sputtering yield is calculated as a function of the ions and atoms
masses of the material, of the particles energies and of the incidence angle. The
first theoretical model was presented by Sigmund[60] in 1969. Moving from this
theoretical study, Bohdansky[61] adapted the sputtering yield formula to lower
ion energies:
Ysp(E) = QSn(r)
[
1−
(
Eth
E
) 2
3
] [
1− Eth
E
]2
(6.27)
where E is the projectile energy, Sn is the reduced nuclear stopping cross section,
Q and Eth are parameters used to match the experimental data, r is the reduced
energy:
r = E
m2
m1 +m2
aL
Z1Z2e2
(6.28)
where mα are the masses of projectile (1) and target atom (2), Zα the atomic
numbers, aL the Lindhard screening length, function of the atomic numbers.
The sputtering mechanism can be classified into two categories. The first
considers heavy ions incident to the solid surface. They deposit their energy at
the surface; as a result, target atoms are ejected from the surface. The second
mechanism considers light ions. These need several collisions to transfer sufficient
energy to free atoms from the surface. Therefore, as the mass of the incident ions
become lighter, the sputtering mechanism shifts from the first to the second
type. This process has been analyzed and modelled by Yamamura.[62] According
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to Yamamura, the sputtering yield is given by:
Ysp(E) = 0.042
Q(Z2)α
∗(m2/m1)
Us
Sn(E)
1 + Γke0.3r
(
1−
√
Eth
E
)s
(6.29)
where the coefficients Q and s are given functions of the atomic number of the
material, the factor Γ has the form:
Γ =
W (Z2)
1 + (M1/7)3
(6.30)
with W coefficient function of the atomic number of the material and the factor
α∗ is taken according to:
α∗ = 0.249(M2/M1)0.56 + 0.0035(M2/M1)1.5,M1 ≤M2 (6.31)
α∗ = 0.0875(M2/M1)−0.15 + 0.165(M2/M1),M1 ≥M2 (6.32)
The sputtering threshold energy Eth is given by:
Eth
Us
=
1 + 5.7(M1/M2)
γ
,M1 ≤M2 (6.33)
Eth
Us
=
6.7
γ
,M1 ≥M2 (6.34)
where Us is the binding energy of the material, γ is the energy transfer factor for
elastic collisions given by:
γ =
4M1M2
(M1 +M2)2
(6.35)
the Lindhard electronic stopping coefficient ke is taken as:
ke = 0.079
(M1 +M2)
3/2
M
3/2
1 M
1/2
2
Z
2/3
1 Z
1/2
2
(Z
2/3
1 + Z
2/3
2 )
3/4
(6.36)
the nuclear stopping cross section Sn is calculated as:
Sn = 8.478
Z1Z2
Z
2/3
1 Z
2/3
2
M1
M1 +M2
sTFn (6.37)
with the analytic expression for the reducing nuclear stopping power sTFn given
by:
sTFn =
3.441
√
r ln (r + 2.718)
1 + 6.355
√
r + r(6.882
√
r − 1.708) (6.38)
and the explicit expression for the reduced energy r is taken according to:
r =
0.03255
Z1Z2(Z
2/3
1 + Z
2/3
2 )
1/2
M2
M1 +M2
E (6.39)
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where E is the incident ion energy:
E =
1
2
kbTe + eV (6.40)
The cathode mass lost for evaporation and sputtering is given by:
mtot =
JvpAcathode
I
+ jAcathodeYsp
Mw
NAI
(6.41)
6.1.5 Solution
The theoretical model is composed of three differential equations and seven alge-
braic equations recalled below:
dV
dx
= −E (6.42)
dTe
dx
=
2
3
E
Te
˜L − L + 32(T0 − Te)− Ex− Te
(6.43)
Kiz ' Kiz0e−iz/Te (6.44)
I = σTT
3
2
e Epir
2 (6.45)
vB =
√
γkBTe (6.46)
n0 = 1.213
vB
kizr
(6.47)
L =
Φ
V + iz
exp 12n0r
2vB
Kiz(C − iz) (6.48)
2pir
j
I
= −3
2
dTe/dx
Te
(6.49)
˜L =
2pir
I0
∫ L
0
jL dx (6.50)
j = DT 2wallexp(
−φeff
kb Twall
) (6.51)
the 10 unknown parameters V , E, Te, j, L, ˜L, n0, vB, Twall, kiz are function
of the cathode axis. The two initial conditions are set at the cathode exit cross
section:
V (x = l) = Vdisch (6.52)
Te(x = l) = Te0 (6.53)
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The system of equation is solved in MATLAB® environment. The solution
algorithm proceeds iteratively, until the convergence is reached. The discharge
current and the cathode material and geometrical properties are needed as inputs,
as well as the gas properties. Firstly, the length of the active zone is calculated
using the approach from Delcroix. This means that at this first step, the cathode
temperature, the neutral number density and the gas pressure at the cathode
exit cross section are given. Then, it solves the differential equations coupled
together and before calculating the electric field, the Bohm velocity, the neutral
number density, the coefficients of energy losses and the cathode current density
as functions of the cathode axis. Finally, the cathode surface temperature is
calculated. The cathode surface temperature, the electron temperature and the
cathode voltage are used as inputs to the erosion model, which provides the
erosion rate after the solution of the following equations:
Ysp(E) = 0.042
Q(Z2)α
∗(m2/m1)
Us
Sn(E)
1 + Γke0.3r
(
1−
√
Eth
E
)s
(6.54)
Γ =
W (Z2)
1 + (M1/7)3
(6.55)
α∗ = 0.249(M2/M1)0.56 + 0.0035(M2/M1)1.5,M1 ≤M2 (6.56)
α∗ = 0.0875(M2/M1)−0.15 + 0.165(M2/M1),M1 ≥M2 (6.57)
Eth
Us
=
1 + 5.7(M1/M2)
γ
,M1 ≤M2 (6.58)
Eth
Us
=
6.7
γ
,M1 ≥M2 (6.59)
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mtot =
JvpAcathode
I
+ jAcathodeYsp
Mw
NAI
(6.66)
6.1.6 Results
A comparison of the theoretical and experimental results is presented below. The
model has been used to calculate both the argon plasma state and the cathode
temperature for a MCHC sharing the same geometrical dimensions of the one
used in the experiments, as well as the rods number.
The cathode temperature and the surface current density are calculated for
three operational points: 75 A, 130 A and 150 A. The initial conditions of the
voltage are set at 25 V, 20 V and 15 V respectively, while the electron temper-
ature at the cathode exit cross section has been fixed at 2 eV, 5 eV and 6 eV
respectively.
Fig. 6.5 reports the calculated cathode surface temperature in comparison
with the curves gathered during the first characterization test at 5 mg/s of mass
flow rate.
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Figure 6.5: Cathode surface temperature
It can be noted that the surface temperature is overestimated at all levels of
discharge current. This is most probably due to the fact that the cooling effect of
the propellant is not taken into consideration, as well as the heat radiation from
the cathode surface.
The higher surface temperature is reflected in the surface current density, it
is much higher than the values calculated from the experimental data. In Fig. 6.6
the current density profile is shown: the maximum is centered at the location
where the product of the cathode current and electron temperature is maximum.
The erosion rate of the cathode has been calculated for each operative condi-
tion. At 150 A of discharge current the erosion rate is around 28 ng/C, at 130 A
around 25 ng/C and at 75 A about 11 ng/C. The erosion rate calculated using
the experimental data is 41 ng/C, far from the result of the model. This probably
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needs to be attributed to the ignition procedure used during the experiments. In-
deed, the model is not capable to predict the erosion due to the cold starts of the
cathode,but only during continuous operations. In contrast, the characterization
tests and the endurance were performed with several on and off switches of the
cathode.
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Figure 6.6: Surface current density
The code appears to be very stiff and not strongly sensible to the initial
conditions, mainly in the calculation of the cathode voltage and the electron
temperature, which are weakly dependent on the cathode axis. In addition, the
results are driven by the cathode discharge current, the profile of which is given
at the beginning of the calculation.
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6.2 RIAME-MAI Theoretical Model
The numerical model of RIAME-MAI is the result of a joint effort undertaken by
the Russian research institute and Alta S.p.A. in the last decade.[63]–[65]
6.2.1 Main Assumptions and Hypotheses
The model is capable to calculate the main cathode and plasma parameters as
functions of the cathode length as well as the erosion rate. It is mono-dimensional
and stationary, based on the approach from Vaulin.[11] The gas flow is considered
to be sonic at the exit section, whereas the plasma is assumed to be a mixture
of perfect gases: electrons, positive ions and neutrals. Ions and neutrals are
considered isothermal at the wall temperature, while electron gas is at equilibrium
at higher temperature.
The solution algorithm bases on two sub-models, solved alternatively and
iteratively. It allows to transform some differential balance equations into integral
ones, in order to make boundary conditions implicit. The convergence of the
system to a solution is thus facilitated.
The modelling of the plasma physical processes in the MCHC is based on the
SCHC model. However, the MCHC model allows to study different geometrical
configurations. When evaluating the heat distribution of a hollow cathode filled
with N tightly packet rods, it is important to distinguish between longitudinal
and transverse heat conductivity, as well as electrical conductivity and resistance.
This model is suitable for cathodes with any number of channels. It means that
the problem of ”packing” has been solved by using geometrical algorithms to
determine the number of channels formed by groups of three or four rods, as
reported in Fig. 6.7. The energy flux from the cathode’s external surface is
determined by the total external surface of the peripheral rods, while the internal
energy source that is characterized by heat transfer with plasma and resistive
Joule heating depends on the internal rods. Every channel inside the rods can
operate as a full scale hollow cathode.
Figure 6.7: Three rod and four rod cathode channels
The current continuity equation is taken in accordance to the Gauss theorem,
which assumes the starting current density distribution at the rod faces to be
uniform. The gas flow rate in each channel is calculated dividing the total mass
flow rate with the number of channels. Therefore, the effect of the temperature
on the mass flow distribution is neglected. The first computational step is to cal-
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culate state parameters for a central rod surrounded by plasma channels. Then,
the approximation of rod material properties and previously obtained plasma
parameters allows the evaluation of transverse heat conductivity, switching to
the two dimensional computation of cathode state parameters. The equilibrium
equation for the ionization and recombination processes is used to calculate the
number of charged particles produced, and it is written as:[12]
dne = βnenn − αn3e (6.67)
where the subscripts e and n refer to electrons and neutrals, while α and β are
recombination and ionization coefficients functions of electron temperature and
number density, gas pressure and ionization energy. The distribution of atom
population is assumed to be in non-equilibrium, so that in the evaluation of
charged particles the following elementary processes are considered:
1. step excitation and damping by electron impact;
2. level excitation while colliding with atom in ground state;
3. ionization by electron impact;
4. ionization by atom collision;
5. three body recombination involving an atom;
6. step spontaneous radiation transition;
7. radiation recombination and photo-ionization.
This model has been recently implemented to study the erosion process inside
the cathode.[13] In order to obtain a precise picture of surface erosion the following
processes are considered:
1. evaporation of metal surface material;
2. sputtering;
3. back sputtering of cathode metal atoms and ions to cathode surface in
another location of the channel.
Currently, it is not clear which process, evaporation or sputtering, is dominant
in real conditions. In order to assess the relative importance of each erosion
process for a given operative condition, a model describing the dynamics of a five-
component plasma has been developed. A schematic of the species and processes
evaluated is shown in Fig. 6.8. Due to high temperature, a mass flow of cathode
material is considered (mev). Plasma bulk ions are accelerated by the voltage
drop across the plasma sheath and reach the surface causing the sputtering of
atoms of cathode material (msp), or recombine with electrons (marec). Ions of
the cathode material recombine with electrons at the cathode wall (mirec).
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The analysis of the three processes which happen in the cathode leads to the
formulation of two differential equations of mass balance for impurities ions and
atoms.[13]
Figure 6.8: Schematic diagram of ion/atom exchange between plasma and hollow
cathode surface
The concentration of these two species is linked to the mass flow rate of ma-
terial due to evaporation, sputtering and recombination. This is the result of the
plasma interaction with cathode wall.
6.2.2 Results
In this section a comparison of the RIAME-MAI model with the experimental
data is presented. The operative point showed here is at a discharge current of
100 A and a mass flow rate of 4 mg/s. The geometrical dimensions and rods
number of the simulated cathode are in agreement with the cathode used for the
experiments.
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Figure 6.9: Comparison of the cathode electrical characteristic
In Fig. 6.9 the calculated electrical characteristic is shown in comparison with
the electrical characteristic measured during the test. The agreement between
numerical and experimental results is fairly good, mainly in the lower- and mid-
range of the current discharge. The voltage discharge values calculated at current
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higher than 100 A are slightly inconsistent with the experimental data, since the
latter are 10 V higher in value.
In Fig. 6.10 the maximum calculated temperature as a function of the dis-
charge current is reported in comparison with the test data. The numerical results
significantly overestimate the value of the maximum temperature at all current
values. In particular, for current values higher than 100 A, the difference between
the calculated and the recorded temperatures is around 300 , while at lower
current values the difference is a higher, reaching a value of 500 .
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Figure 6.10: Comparison of the cathode temperature
Despite some inconsistencies in the numerical values, the overall behaviour of
electrical parameters and cathode temperature is well estimated by the numerical
model.
Figure 6.11: Calculated cathode voltage
Fig. 6.11 indicates the voltage drop among the cathode rods with respect to
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the cathode radius. The cathode cross section has been divided in seven circular
sectors, while the exit cross section is located at the right side of the chart. A
maximum voltage difference of 0.5 V between the central layer and the external
wall is calculated at the exit cross section, but this value is nearly constant along
the rods length.
As already described, the numerical model permits to calculate the erosion
rate of the cathode walls, thereby providing the total erosion rate for all the sur-
faces in contact with the plasma (i.e. external surfaces of all the rods). The calcu-
lated specific erosion rate strongly depends on the ion accommodation (sticking)
coefficient. The model allows to estimate the value of this coefficient by relying
on the experimental data. In Fig. 6.12 the calculated results for two different
values of discharge current are compared.
 
Figure 6.12: Calculated sticking coefficient
At the first step of the calculation, the sticking coefficient has been set to 0.8.
According to this value and for a discharge current of 130 A, the specific erosion
rate is 27.8 ng/C. For a discharge current of 150 A, the result is 30.3 ng/C. The
total mass eroded has been calculated for 65 hours of operation at a discharge
current of 150 A and 35 hours operated at a discharge current of 130 A, according
to the data of the endurance test. The result is 1.11 g of mass eroded. When
using the value of 0.2 for the sticking coefficient, the calculated mass is 1.6 g.
The model is based on a whole array of semi-empirical parameters that need to
be refined more precisely: these are impurity atoms and ions sticking coefficients,
as well as ions and atoms reflection coefficients. The modeling showed that the
sticking coefficient influences significantly the specific erosion rate values. While
this coefficient decreases from 0.8 through 0.2, the local erosion rate in the area
of cavity formation increases practically by two times. In contrast, the variation
of the atom sticking coefficient practically does not influence cathode erosion at
all (fraction of percent). To determine model parameters more precisely, experi-
mental information on the cathode specific erosion rate seems to be necessary.
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It must be pointed out that this model does not take into account the erosion
caused by the ”hot spots” at the cathode ignition, when the voltage discharge
is high and current low. The main mechanisms acting in the erosion process
are shown in Fig. 6.13. It can be observed that the cathode erosion is mainly
driven by metal evaporation that is caused by the high temperature of the cathode
surface. The recycling mechanism is caused by sputtered atoms which can deposit
in different zones of the cathode surface. The result points out that the recycling
is equal to the evaporation at the cathode exit cross section. Nevertheless, the
sputtering rate is still high.
 
Figure 6.13: Erosion mechanisms
Chapter 7
Criteria for MCHC Dimensioning
This chapter outlines the procedure adopted in the design of the MCHC for the
MPD thruster. In addition, the method to scale down the cathode dimensions to
design the cathode used in the experimental campaign is detailed.
The design of the cathode used for the MPD truster is based on the approach
of Delcroix.[1] According to it, the regions of stable operation were defined. The
design safety margins were evaluated by using empirical rules which were de-
rived from experimental data. The scaling down of the cathode dimensions was
performed by using the Delcroix diagram: the scaled cathode parameters were
constrained to share the same operative point of the MPD MCHC.
7.1 General Criteria
It was not possible to find in the literature criteria for the dimensioning of a
MCHC. Nevertheless, from the knowledge of MCHC operation and the experience
on MPD thruster equipped with MCHCs, some rules for the cathode design can
be derived.
At a first step, the diagram of Delcroix was used for dimensioning of the
cathode hollow cross section Sh for a given current I and a mass flow rate Q with
dimensions of standard cubic centimeter per second. This diagram is shown in
Fig. 7.1. The region in the Q/Sh and I/Sh coordinates of the normal regime of
hollow cathode operation was identified.
Actually, the diagram was obtained by Delcroix collecting SCHCs experi-
ments, but at preliminary step it can be also extended to MCHC. The main
assumption that permits this process is that the current and the gas flow equally
divide among all channels. It can be noted that the normal regime domain is
rather large. However, too large values of the ratio I/Sh are not feasible, since
they correspond to short lifetime. Increasing the Q/Sh ratio above the limit cor-
responding to the sonic velocity at the active zone level is not advisable. Indeed,
at this limit the gas temperature and pressure are in the order of 3000 K and
1÷2 torr, while cathodes working in normal regime are generally characterized by
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subsonic flow, with sonic condition at the exit cross section (for external pressure
below the critical one).
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Figure 7.1: Cathode operating point according to Delcroix[1]
Another constraint can be derived by the experience on lithium-fed MPD
thrusters equipped with MCHC. According to Russian researchers, in order to
reach a cathode lifetime of some thousand hours, the MCHC external radius re
must be compliant with the following criterion:
I
pir2e
≤ 150÷ 200A/cm2 (7.1)
Lithium-fed MPD thrusters, working at these current densities, have shown ero-
sion rate of 0.1 ÷ 1 ng/C, compatible with a few thousand hours of operation.
Since the main mechanism of cathode erosion is tungsten evaporation, the cath-
ode surface temperature is the driving parameter. Taking into consideration that
gas-fed MCHCs have comparatively higher temperatures than lithium-fed cath-
odes, the adopted criterion for the MCHC was:
I
pir2e
= 150A/cm2 (7.2)
The following step was to arrange the internal channels in order that the result-
ing hollow cross section allows the Q/Sh ratio to be between the minimum and
maximum limits at the gas flow rate of interest, as defined by Delcroix. Of course
the additional constraint Sh < pir
2
e has to be respected.
The design of the multichannel configuration was performed on the basis of
the following considerations:
1. From a technical point of view, the so-called macaroni-packet configuration
is the easiest to be achieved. Indeed, it is formed by a bundle of small
tungsten rods, packed in the main tube. The channels for the gas flow are
provided by the gaps among rods.
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2. To reduce the cathode voltage drop, the number of channels should be
maximized.
3. The choice of tungsten rods diameter should consider the commercial avail-
ability of this product (in order to reduce manufacturing costs). Further-
more, the channels should be as much as possible of equal size, in order to
guarantee a uniform gas flow distribution.
This procedure was adopted in the design of the MCHC mounted in a MPD
thruster developed at Alta. The MCHC was bigger in dimensions than the MCHC
object of this study. Due to the high mass flow rate and current needed for nomi-
nal operation, it was not possible to test it in a continuous mode, thus the erosion
process could not be evaluated. Therefore, it was decided to investigate a smaller
cathode, with the aim to correlate the experimental results to the bigger MCHC.
7.2 Scaled Down Design
The primary objective of the experimental investigation on the scaled-down cath-
ode was to simulate the erosion rate of the full-scale cathode. The second objec-
tive of same importance was to validate the erosion model.
The scaled-down design was based on the assumption that two MCHC of
similar configuration (i.e. macaroni packet) have the same erosion rate if they
operate at equal Q/Sh and I/Sh parameters. Therefore, the scaled-down cathode
had to share the same values of these parameters of the full cathode, which were
calculated as:
I
S
= 132A/cm2 (7.3)
Q
Sh
= 14.3mg/s/cm2 (7.4)
The pumping capability of the vacuum facility which was used during the
experiments represented another important constraint in the design of the scaled-
down cathode. At a pressure around 10−3 mbar, compatible with hollow cathode
operations, the pumping system is capable to process a maximum gas volume of
argon corresponding to 5 mg/s, considering a safety margin.
Tab. 7.1 enumerates all possible cathode designs in terms of cathode internal
radius, number n of internal rods and their diameter. The associated operating
conditions, such as mass flow rate and discharge current, are also reported.
These were obtained after assuming a wall thickness (t) of 1 mm. The second
assumption concerned the ratio between the open cross section of the cathode
without rods (Si) and with rods (Sh). It stated that the ratio between the open
cross section of the cathode without rods (Si) and that remaining after filling
with rods (Sh) has to be the same for the two cathodes:
Si
Sh
=
Si
Sh full−cathode
(7.5)
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Mass Flow Rate [mg/s]
Rod diameter [cm] 1 2 3 4 5
0.05 48.4 96.8 145.2 193.6 242
0.1 12.1 24.2 36.3 48.4 60.5
0.15 5.4 10.8 16.1 21.5 26.9
0.2 3 6 9.1 12.1 15.1
Current [A] 45 74.6 102.5 129.3 155.6
Internal radius [cm] 0.23 0.32 0.4 0.46 0.51
Table 7.1: Number of rods for different configurations and related operating pa-
rameters
Current [A]
Rod diameter [cm] MFR [mg/s] 15 30 50 100
0.05 1 10 62.1 208.9
2 26.5 173.3
3 137.6
4 102
5 66.3
0.1 1 2.5 15.5 52.2
2 6.6 43.3
3 34.4
4 25.5
5 16.6
0.15 1 1.1 6.9 23.2
2 2.9 19.3
3 15.3
4 11.3
5 7.4
0.2 1 3.9 13.1
2 1.7 10.8
3 8.6
4 6.4
5 4.1
Table 7.2: Number of rods for different configurations and related operating pa-
rameters without constraint n.2
This additional constraint is arbitrary. It derived from the attempt to estab-
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lish a certain similitude between the two cathodes with respect to the thermal
dissipation towards the external ambient.
Among all solutions, those with low values of discharge current were preferred.
Tab. 7.2 reports all possible solutions in the range 15÷100 A, without consid-
ering the second constraint. It can be noted that, below a certain current level,
no solution exists (n resulted to be negative or less than 1).
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Chapter 8
Conclusion
The experimental campaign has provided a huge amount of data on the per-
formance of the multichannel hollow cathode. These allow to understand the
cathode operative conditions and the correlation with the main input param-
eters. The cathode potential and the cathode surface temperature have been
measured in a wide range of operative points. The destructive physical analysis
has provided information about the plasma penetration depth.
A theoretical model was developed during the experimental campaign. It is
able to predict the main plasma parameters, the cathode temperature and the
erosion rate. The collaboration with the RIAME-MAI provided for the develop-
ment of a theoretical model that is capable to simulate the MCHC geometry and
to calculate both the plasma parameters and the erosion rate. Moreover, this
model gives information about the cathode surface profile modification caused by
the erosion process.
The goal of the research presented in this dissertation was to develop a test
set-up for long operations at power in the order of 5 kW, to conduct the MCHC ex-
perimental campaign gathering the necessary data, to develop a numerical model
capable to predict the main cathode parameters and to collaborate with the
RIAME-MAI scientists in the development of the numerical model. To accom-
plish these goals a full test campaign was completed. The data gathered provided
new insights into the operation of the MCHC, which were used in the development
of the models and for their validation.
The appendix presents the procedure to assemble a MCHC without using low
melting point alloy that can contaminate the cathode internal surface. This pro-
cedure was developed and applied in Alta laboratories for the first time.
8.1 Findings
The results of the experimental campaign provided data that extended the range
of cathode operation studied by previous research. Indeed, the major part of
data presented in the literature were obtained by Russian scientists in the period
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’60s÷’80s. Cassady[7] discussed several results of a lithium fed MCHC, which did
not worked in normal regime due to issues with the high current power supply.
Nevertheless, it can be stated that the parameters measured during the ex-
perimental campaign are in agreement with those gathered by previous studies
and that the theoretical results follow the trend of the experimental data.
The main experimental findings are reported below:
1. The cathode voltage drops when the discharge current is increased. It is
nearly independent of the mass flow rate.
2. The discharge power of the cathode is mainly dependent on the discharge
current and weakly dependent on the mass flow rate. It is an increasing
function of the discharge current and a function of the mass flow rate with
a minimum where the discharge efficiency is maximum.
3. The surface temperature is slightly dependent on the mass flow rate and on
the discharge current.
4. In the present study, it is not possible to clearly conclude on the variation
of the location of the maximum surface temperature. The dependence of
the position of the temperature peak on the mass flow rate was not unam-
biguously observed.
5. The active zone was calculated as the surface of the cathode emitting 75%
of the total thermionic current. Its width increases when the mass flow rate
is reduced. At discharge currents lower than 100 A, increasing the current
causes an increase in the active zone length. At discharge currents higher
than 100 A, the dependence is reversed.
6. The number of channels ignited is dependent on the discharge current.
Keeping the mass flow rate constant, at a low discharge current, a few
channels are ignited. Increasing the discharge current causes the ignition
of more channels. The ignition of all channels was observed at a discharge
current of 100 A. The cathode was able to sustain a minimum discharge
current of 20 A without clear malfunctions.
7. The erosion of the cathode surface has been assessed. The non-negligible
effect of the cold ignitions has to be emphasized as well. It caused localized
erosion at the cathode tip. The erosion data gathered from the experiments
gave important information to assess the lifetime of a MCHC mounted in
a MPD thruster object of further researches at Alta.
8.2 Future Development
The advices of the author for future work regard improvements to both the ex-
perimental apparatus (and diagnostic system) and the theoretical model.
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For the first time a 4 kW cathode was ignited and continuously operated in an
Alta’s vacuum chamber. The high power and high temperature experienced drove
the set-up design. The experience gathered through this experimental campaign
allows to modify the test set-up with a more precise evaluation of the safety
margins.
The main advice regards the cathode fixation mechanism: the use of screwed
connection has to be avoided where the interfaces reach high temperature and
the relative material dilatation cannot be neglected. As a worst case, the screwed
connections can seize up, with the result that the hardware cannot be used any-
more. A fixing interface as the one used in the experimental campaign can serve
as the base for further improvements.
The wide mounting flanges that assemble the cathode and the anode were
designed to allow a high thermal radiation. During the experiments, it was clear
that the design could have been driven towards smaller plates water cooled, avoid-
ing to use a water cooling system for the anode. This would have prevented the
ignition of plasma glow caused by the electric field acting between the flanges,
which behaved as a condenser.
Moreover, keeping the plasma discharge faraway from the water cooling sys-
tem represents a strong improvement of the reliability and safety of the test
set-up. This last point, together with slight modifications of the control software
and the hardware which drives the power supplies, can improve the execution of
the life test. Continuous operation could be planned, hence avoiding the damag-
ing caused by cold ignitions, which made the evaluation of the cathode erosion
more complicated.
The use of two different insulators (PEEK® and boron nitride), one for high
temperature and another for high voltage, represents an effective solution that
should be kept in consideration.
A side comment regards the thermocouples installation on the mechanical
interfaces. The use of adhesives (e.g. aluminium tape) in proximity of surfaces
at high temperature is not effective. It is thus recommended to use screwed
connections, washers and fixing screws to fix the thermocouples with mechanical
mechanisms.
A significant step forward should be taken with respect to diagnostic system.
The voltage and current probes revealed to be accurate enough for the measure-
ment ranges, as well as the temperature acquisition by the optical pyrometer.
Nevertheless, it must be pointed out that the one-axis slide should be redesigned
to allow a more precise pointing mechanism and an automated moving system,
in order to improve the measurement repeatability. A plasma diagnostic system
was completely missing during the test campaign. However, the use of Langmuir
probes is assumed to be strongly necessary to gather data on the plasma parame-
ters. This is absolutely unavoidable when correlating the experimental data with
the results of the numerical modelling.
A significant improvement in the understanding of the physical processes and
the operating conditions of these devices can come from the comparative investi-
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gation of SCHC, MCHC and orificed hollow cathodes sharing the same operative
point. This has been foreseen for the experimental campaign, but logistic issues
the planned activities could not be undertaken.
Two numerical models have been developed in the course of the research pre-
sented. The first numerical model is clearly a starting point for the development
of a more complete model. This could allow to improve the modellization and to
extend it to two dimensions. The numerical model developed by the RIAME-MAI
in a joint collaboration with Alta S.p.A. and this research represents one of the
most complete and advanced models on MCHCs. It is capable to simulate a huge
range of geometrical configurations and to calculate the main plasma parame-
ters. Future improvements should be directed towards a more precise evaluation
of the cathode temperature and of the sticking coefficient. This last point can be
solved only by performing further experimental investigations, in order to collect
a wide database for different cathode operations. Hence, the importance of using
a more accurate diagnostic system, which is able to record the plasma parameters
necessary to tune the numerical simulations, is underlined by this study.
Appendix

Appendix A
Multi-Channel Hollow Cathode 2 Assembly
This Appendix deals with the assembly procedure of the MCHC 2. It describes
steps undertaken to mount the rods inside the main cylindrical tube of the cath-
ode. This procedure was necessary after damage of the MCHC 1.
The MCHCs components (i.e. main cylindrical tube and rods) were manufac-
tured by the RIAME-MAI. The MCHC 1 was assembled at the Russian facilities,
according to a procedure shortly described below. The MCHC 2 was assembled
at Alta facilities using same components of the MCHC 1. This assembly process
was slightly modified with respect to RIAME-MAI procedure.
The main issue in the assembly process of this device was given by the variable
internal cross section of the cathode main tube. Indeed, as shown in Fig. A.1, the
exit cross section is 10 mm in inner diameter, while the upstream cross section
has a diameter of 4 mm.
Figure A.1: Schematic of MCHC 1
When assembled, the rods are blocked together by the pressure exerted be-
tween each rod and the adjacent ones and the internal surface of the cathode
cylinder. This force is high enough to block the rods pack without using a weld-
ing process, or to use adhesives in between each rod and the cathode internal
surface.
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The rods have to be inserted inside the main tube through the exit cross
section, one after the other. Therefore, a support structure has to be used in
order to maintain the rods fixed at a certain height in the cathode tube. The
assembly process is schematically outlined in Fig. A.2.
Figure A.2: Assembly schematic
After the insertion of the last rod, the rod pack is tied together by the pressure
exerted by the cathode internal surface. This is produced by the small compres-
sion of the whole rods pack against the cathode wall. It is clear that the support
structure has to be removed from the cathode cylinder after the completion of
the assembly procedure.
Different solutions were taken into consideration, to allow the support struc-
ture to be removed from the cathode cylinder. The more effective alternative
found was to pack the rods in a single bundle before to be inserted in the main
tube. This solution can be achieved by welding the rods together, but it repre-
sents a difficult technology process. Moreover, this could modify the multichannel
geometry. The use of adhesives instead of the welding was rejected to avoid con-
tamination of the tungsten. In addition, inserting the rods pack inside the main
tube and forcing it to be compressed against the wall was considered more dif-
ficult than proceeding one rod after the other. Indeed, this could represent a
higher risk to damage the rods or the cathode tube.
The Russian solution, adopted at the RIAME-MAI, consisted in the use of
the Wood alloy to build a support structure inside the main tube. This alloy
is composed of tin, lead, bismuth and cadmium and has a melting point around
70 . The major disadvantage is that it has a high grade of toxicity and it
contaminates the cathode internal surface.
The assembly process is intuitive: the alloy is heated up to the melting tem-
perature, then it is cast in the cathode tube until a certain height is reached (at
around 15 mm from the exit cross section). When the alloy is solidified, the rods
assembly can take place. The rods are assembled one after the other, the last
acting as a wedge. The solid alloy constitutes the support structure. When the
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last rod is inserted and the pack is tied, the cathode is heated up to the melting
temperature of the alloy. This flows away from the cathode upstream section,
while the rods are stuck in the final configuration.
Since this alloy was not available at Alta facilities and to avoid the possibility
to contaminate the cathode surface, it was decided to use ice as support structure.
The procedure foresaw to fill the cathode with water and decrease its temperature
far below 0. A temperature of -20 was selected to provide the necessary
time to assemble the rods before the ice was melted. Therefore, the cathode
cylinder was accommodated in a laboratory becker, fixed to a support structure
(cf. Fig. A.3). The upstream cross section of the cathode was in contact with
the becker base. The becker was filled with water up to 20 mm from the cathode
exit cross section.
Figure A.3: Climatic chamber operation
Then, the becker was placed in a climatic chamber, to perform the thermal
cycle until the water became ice. At the end of the thermal cycle, the ice offered
a solid flat surface inside the hollow cavity. This was used to support the accom-
modation of the rods. Fig. A.3 depicts the becker inside the climatic chamber.
During the assembly process, the backer was placed inside an insulating box
to prevent fast melting of the ice (cf. Fig. A.4 (a),(b)).
One by one, the rods were placed inside the hollow cavity. They were accom-
modated first near the cathode internal surface and then placed in the central
zone. At the end of the process, when a few rods were left to be assembled, the
use of a ”soft hammer” was needed (cf. Fig. A.4 (c)). The last rod was inserted
inside the pack with a certain interference, forcing the pack to slightly compress
against the cathode internal surface (cf. Fig. A.4 (c) and (d)).
As a result of the ice dilatation during the solidification process, the pack
of rods protruded from the cathode exit cross section. This can be noted in all
pictures of Fig. A.4. Hence, when the ice began to melt, the rods pack was pressed
toward the inside of the cathode and aligned with the exit cross section.
138 A. Multi-Channel Hollow Cathode 2 Assembly
After the assembly process, the cathode underwent a back out cycle in vac-
uum environment. It was subjected to high temperature for a certain amount of
time. This process was necessary to remove as far as possible the water absorbed
during the assembly procedure. Then, the new MCHC was ready for the testing
activities.
(a) Initial process (b) Insulating box
(c) Rods assembly (d) Last rod
(e) Cathode assembled (f) Frontal surface
Figure A.4: Assembly process
Appendix B
Test Set-up Design Drawings
This Appendix contains the design drawings of the components of the test set-up.
These are collected according to the following order:
1. Cathode Mounting Interface 1
2. Cathode Mounting Interface 2
3. Nut
4. Anode
5. Cathode Mounting Flange subassembly 1
6. Cathode Mounting Flange subassembly 2
7. Cathode Mounting Flange subassembly 3
8. Cathode Mounting Flange
9. Anode Mounting Flange subassembly 1
10. Anode Mounting Flange subassembly 2
11. Anode Mounting Flange subassembly 3
12. Anode Mounting Flange
13. Cathode/Anode Base Flange
14. Insulating Disc
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